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ABSTRACT 
     Removal and degradation of bottomland hardwood forests (BLHW) in the southern 
United States has been extensive over the past 200 years. Large mast-production is 
crucial to the survival of some high-priority wildlife. A two-year study monitored survival 
and growth of planted seedlings receiving different levels of overhead density reduction 
and competition control. Competition control did not increase survival of the oak 
species. Pecan seedlings receiving the weed barrier mat treatment had greater survival 
than pecan seedlings receiving the herbicide treatment, or those receiving no 
competition control. A greenhouse experiment examined hardwood seedlings’ response 
to two-phase flooding/drought treatments to measure the effects of flooding and 
drought stress, and the disturbance sequence on survival, growth, and physiological 
processes of seedlings. The flooding treatment reduced photosynthetic rates on most of 
the measurement dates. Stomatal conductance and transpiration were higher for pecan 
than bur oak on most of the measurement dates. 
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CHAPTER 1. LITERATURE REVIEW 
Introduction 
     The extent of bottomland hardwood forests (BLHW) in the southern United States 
has been greatly reduced (Allen et al. 2001). Suburban encroachment, development for 
agriculture, and poor logging practices have all contributed to the degradation and 
reduction in area of many of these BLHW ecosystems. New interest in restoring these 
ecosystems has arisen in recent years. Because of past management practices, new 
difficulties have also arisen, making successful regeneration of some species uncertain 
in some situations.  
     BLHW typically have high woody plant species richness. Much of the diversity is a 
result of variations in microtopography due to erosion and deposition processes caused 
by overbank flooding (Allen 1997). Common site types found on active floodplains 
include fronts, flats, ridges, and slopes (Gardiner 2001). Fronts are natural levees 
formed parallel to the stream channel (Gardiner 2001). During overbank flooding, 
suspended sands and silts deposit as a levee immediately adjacent to the stream 
channel (Wharton et al. 1982, Hodges 1994, Gardiner 2001). These natural levees 
typically range from 30-100 meters wide. Fronts are generally the highest areas and 
contain the coarsest textured soils across the floodplain (Gardiner 2001).         
 2 
 
     Floodwaters continue down the levee into the flat where they lose speed and 
sediment (mostly silts and clays) deposits as the water moves across the floodplain 
(Gardiner 2001).  This is a continual process, often happening multiple times in the same 
year (Wharton et al. 1982, Hodges 1994). There are diverse topographic features as a 
result of the continual movement of sediments by flooding (Hodges 1994), and a change 
in elevation of a few centimeters can produce distinct changes in plant composition 
(Wharton et al. 1982, Hodges 1994). Ridges are historic fronts or bars from former 
stream channels. Ridges are at higher elevations than the flat, and generally possess 
relatively coarse soil particles (Gardiner 2001). Ridges have more developed soils than 
fronts. Slopes are transitional areas found between the floodplain and upland terraces 
(Allen et al. 2001). 
     At least 3 terraces can usually be found as one moves away, perpendicular, from the 
current stream channel of major streams in the southeast. The most recent terrace is 
from the Holocene age and is referred to as the first bottom. The next lowest terrace is 
known as terrace I or the second bottom. Terrace I lies below a terrace of Pleistocene 
surface known as terrace II. These terraces play a part in water control, and are a driving 
factor of plant composition within and around the floodplain (Wharton et al. 1982, 
Hodges 1994). 
     Hummocks are small raised mounds left after years of erosion of small waterways 
within the floodplain (Wharton et al. 1982). A windthrow event can also create a 
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hummock when uprooting of a large tree pulls up a portion of soil. Hummocks may 
support trees typically found in areas of higher elevation (Wharton et al. 1982). 
Minibasins are shallow depressions that sometimes occur between tree bases. These 
basins commonly hold rainwater, and result in more rapid decomposition of organic 
matter, which leads to different soil characteristics than found at slightly higher 
elevations (Wharton et al. 1982).  
     The Blackland Prairie and Post Oak Savannah are two ecoregions that together cover 
almost ten million hectares in Texas (Diggs et al. 2006). Both ecoregions occur around 
the 1,016 mm precipitation line (Larkin and Bomar 1983) which generally limits the 
occurrence of forests in these regions to floodplains. Soils in the Blackland Prairie have a 
large proportion of shrink-swell clays, while soils in the Post Oak Savannah are generally 
sandy, although vertic soils can be found in BLHW (Diggs et al. 2006). On vertic soils, 
herbaceous competition (Diggs and Schulze 2003) and extended flooding during the 
growing season (Kanwar 1982) may pose a threat to the survival of planted seedlings. 
Many of the BLHW in these ecoregions are dominated by cedar elm (Ulmus crassifolia 
Nutt.), green ash (Fraxinus pennsylvanica Marsh.), and sugarberry (Celtis laevigata 
Wild.), and while historical data on species composition in these areas are lacking, there 
are state agencies and private landowners within these ecoregions interested in 
increasing the oak and hickory components of their forests. 
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Light 
     The amount of light required for oak regeneration and growth varies by species. 
Gardiner and Hodges (1998) examined height and basal diameter growth of cherrybark 
oak (Quercus pagoda Raf.) seedlings planted under different light intensities in eastern 
Mississippi. They found maximum height growth occurred at moderate light levels (27-
53%) and maximum basal diameter growth at 53%.  Phares (1971) used shade cloths to 
create different light intensities, and then measured the growth response of northern 
red oak (Quercus rubra L.) seedlings, and found that maximum growth occurred at one-
third full sunlight.  Studies by Gottschalk (1985, 1987) in Pennsylvania showed increased 
root to shoot ratios of northern red oak and black oak (Quercus velutina Lam.) seedlings 
occurred at light levels above 20%. 
      The shelterwood method of reproduction can be used to create the necessary light 
requirements for oak seedlings (Meadows and Hodges 1997). The shelterwood method 
provides sufficient shade to control a portion of the competing vegetation and protects 
planted seedlings from environmental extremes. Additional harvests can be made to 
increase light as oak regeneration develops. Removal of the overwood once the 
seedlings are well-established can be done in one or multiple cuts. Once seedlings are 
well-established, however, delays in final overwood removal will eventually harm the 
seedlings, and favor the more shade-tolerant species. Oak survival and growth has been 
shown to increase as a result of the removal of the midstory alone (Lorimer et al. 1994). 
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Increases in available light from removal of the midstory alone are short-lived, however, 
and may only last 3-5 years, at which time additional reductions in stand density are 
required (Miller et al. 2004). 
Herbivory 
      Small to large mammals can be abundant in the understory of a forest and they may 
clip seedling tops or girdle stems (Savage et al. 1996). Seedlings can survive animal 
browsing; however, continued browsing will impede growth (Lasher and Hill 1977). Feral 
hogs (Sus scrofa) will uproot seedlings. Kolka et al. (1998) saw increased herbivory from 
hogs, deer (Odocoileus virginianus), and beavers (Castor canadensis) in open areas such 
as those found on a clearcut or shelterwood. This was believed to be a result of the 
seedlings being easier to find than they would be in an undisturbed forest. 
Flooding 
     Effects of flooding will depend upon species and age of trees, depth and duration of 
flooding, and properties of the soil (Broadfoot and Williston 1973). All other things being 
equal, flooding is more damaging to seedlings than mature trees because seedlings are 
often completely under water. Many hardwood seedlings can survive long-term flooding 
in the dormant season. Most seedlings are killed back to the ground if extended flooding 
occurs after they have broken dormancy. If the rootstocks survive, they may resprout 
after the floodwaters recede. Species that break bud later, such as green ash, most likely 
will survive a growing season flood, even if water remains for many weeks (Broadfoot 
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and Williston 1973). Hosner and Boyce (1962) reported rapid growth of green ash 
seedlings during saturated conditions resulting in a competitive advantage over 
Shumard oak (Quercus shumardii Buckl.) seedlings.  
     The roots of deciduous species require more oxygen in the growing season due to 
processes related to maintenance and active growth of leaves not occurring during the 
dormant season (Broadfoot and Williston 1973). When soils are flooded during the 
growing season, available oxygen is used quickly by respiring roots and microorganisms 
(Kozlowski 1984). Insufficient oxygen leads to many negative effects on plants, which 
ultimately reduces growth and survival of seedlings (Kozlowski and Pallardy 1984). 
Flooding is a remarkable dynamic because of the widespread and numerous levees, 
reservoirs, and dams, the subsequent regulation of river flows, along with the 
subsequent alterations to the timing and extent of flood events.  
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Forest Ecosystems on Vertic Soils 
Vertisol Classification 
     The definition of Vertisols is based on four obligatory properties: (1) there is no 
duripan or layer of bedrock within 50 centimeters of the soil surface; (2) the soil has 
30% or more clay particles in all subhorizons to a depth of 50 centimeters or more; (3) at 
some time in normal years there are open cracks at a depth of 50 centimeters that are 
at least 1 centimeter wide; and (4) the soil has one or more of the following: Gilgai at a 
depth between 25 centimeters and 1 meter, slickensides close enough to intersect at a 
depth between 25 centimeters and 1 meter, and/or wedge-shaped natural structural 
aggregates that have their long axis tilted 10-60° from the horizontal (Soil Survey Staff 
1999).  Gilgai is a microfeature pattern of soil made of a series of microhighs and 
microlows on relatively level areas, or of microtroughs and microridges parallel to the 
slope on sloping areas. These microtopographical features are created by the 
expansion/shrinking and shear/thrust processes produced by changes in moisture 
(USDA 2005). A number of Alfisols, Aridisols, Entisols, Inceptisols,  Mollisols, and Ultisols 
intergrade to Vertisols at the subgroup level. These soils have vertic characteristics, but 
not to the extent of Vertisols (Dudal 1965).  These soils typically occur together with 
Vertisols. 
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Distribution 
     Vertisols are usually found in areas that are periodically wet in normal years. Vertisols 
are commonly found in dry lake bottoms, river basins, and floodplains. Occasionally 
Vertisols occur on gently sloping hillsides. Buol et al. (2003) reported Vertisols occurring 
on 310 million hectares worldwide, with 12-15 million hectares occurring in the United 
States and 6.5 million of those hectares in Texas. 
Soil Properties      
     Vertisols are typically very dark in color and usually form in calcium or magnesium 
rich materials such as limestone, basalt, or in depressions that collect these elements 
leached from uplands (Buol et al. 2003). Vertisols as a group show a high degree of 
uniformity in many properties throughout the profile, and compared with other soil 
groups, they lack distinct horizons (Mermut et al. 1996). Typically there is a 
characteristic dark surface layer or A horizon which moves into the C horizon. It is 
difficult to distinguish differences between the A and B horizons due to mixing of the 
soils (Mermut et al. 1996).                     
     Vertisols are distinguished by a large proportion of shrink-swell clay particles and 
pronounced changes in soil volume associated with wetting and drying of the soil. The 
soil mass shrinks when it dries, resulting in deep, wide cracks in the dry season (Dudal 
and Eswaran 1988). During this period, the soils become very hard and the bulk density 
increases. The process reverses when the soil is again wetted. During this period, the 
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soils become very plastic and sticky, and the bulk density decreases (Dudal 1965). Jewitt 
et al. (1979) reported bulk densities of Vertisols ranging from approximately 1-2 g/cm³ 
depending on the moisture content. Increased bulk densities during a large part of the 
growing season make root penetration and elongation difficult. Dudal (1965) found 
Vertisols in Texas with bulk density values of 2.2 g/cm³. To give a comparison, Brady and 
Weil (2002) listed the bulk density of uncultivated forests with a loamy A horizon as 0.8-
1.2 g/cm³; the bulk density of fragipans between 1.7-2.0 g/cm³; and the bulk density of 
concrete as 2.4 g/cm³.  
Water Infiltration 
     Large cracks in the soil still present at the beginning of the wet season are 
responsible for high initial infiltration rates. These rates decrease substantially with 
increased wetting (Virmani et al. 1982). Data by Krantz et al. (1978) showed infiltration 
rates for a deep Vertisol decreased from 3.3-4.6 centimeters/hour for the first hour, to 
0.41 centimeters/hour for the second hour, and to 0.03 centimeters/hour after 144 
hours when the soil was saturated. The flat relief that typically favors development of 
Vertisols, coupled with the reduced infiltration, creates surface drainage problems, 
especially when these soils are fully saturated (Kanwar 1982). Poor drainage, both 
surface and internal is a leading cause of mortality and reduced production from 
Vertisols.  
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Pedoturbation 
     The pedoturbation model describes the soil shrinking and cracking upon drying, 
followed by some soil material falling into the cracks and partially filling them. Upon 
rewetting, the soil swells, and part of the space the soil requires for its increased volume 
has been filled with the fallen soil material. Continued water uptake generates 
pressures that result in shearing (Dudal 1965). It was previously believed that the 
pedoturbation process brings about a slow churning of the whole soil mass to the depth 
of the cracks (Dudal 1965). More recent studies show that while pedoturbation is a 
functional process in Vertisols, it is inadequate to solely account for rapid gilgai 
formation and slickenside evolution, especially at depths below major cracks (Wilding 
and Tessier 1988).  
Soil Mechanics Model 
     Today, the soil mechanics model is more commonly used to explain the lack of 
horizons typically found in Vertisols (Nordt et al. 2004). This model describes a process 
where the hydrating of clays creates swelling pressures (in a confined system) that 
exceed the shear strength of the soil at a specified moisture content.  Upon swelling, a 
soil is acted upon by vertical and lateral pressure. Overburden pressures confine vertical 
movement and lateral swelling is resolved by crack closure and subsequent 
development of swelling pressures that exceed the soil shear strength (Wilding and 
Tessier 1988).  Failure occurs along a grooved plane, theoretically, at 45° to the 
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horizontal, less half the angle of internal friction. In practice failure may range from 10-
60° (Smart 1970, Knight 1980). This upward thrust of some part of the soil creates the 
mounds and depressions known as gilgai. Once microrelief is established, soil processes 
are driven largely by small scale variations in hydrology and temperature, and less so by 
pedoturbation (Buol et al. 2003). 
Vegetation 
     Both climate and soil properties limit the vegetation on Vertisols to grasses and 
savannahs for the most part, while forests on Vertisols only occur in the most humid 
climates (Ahmad 1988). The main features of the natural vegetation are drought 
tolerance and development of deep roots to overcome root damage caused by seasonal 
cracking. When the rhizosphere dries out, soil cracking can shred tree roots (Ahmad 
1988).  
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Improving Survival of Planted Seedlings 
Competing Vegetation 
     Herbaceous and woody competition may pose a threat to the survival of planted oak 
and hickory seedlings. Reduction of canopy cover can lead to an increase in the vigor 
and subsequent growth of the herbaceous component, as well as competing woody 
plants, as a result of the increase in water and soil resources and the amount of sunlight 
reaching the understory. Oak and hickory species possess growth rates slower than or 
equal to those of associated competitors and can quickly be overtopped by faster 
growing vegetation (Smith 1993). Young oak and pecan (Carya illinoinensis Wangenh.) 
seedlings focus their resources on root growth rather than shoot growth. Height growth 
of seedlings is relatively slow until the root system is well-developed (Hodges and 
Gardiner 1993, Sparks 2005).  
     Nix (1989) looked at the effects of four levels of competition control on cherrybark 
oak seedlings planted on a clearcut in South Carolina. The treatments used were 
cardboard mulch, a spring herbicide, a fall herbicide, and a control. After six growing 
seasons, the cardboard mulch and both herbicide treatments had greater survival than 
the control. Total height was taller and basal diameter was larger for the seedlings 
receiving herbicide or cardboard mulch than the control. Ezell et al. (2007), working with 
oak seedlings planted in a former agricultural field in eastern Mississippi, reported that 
first year survival rates were 21-44%  higher for cherrybark oak seedlings and Nuttall oak 
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(Quercus texana Buckl.) seedlings in areas receiving competition control compared to 
untreated areas.  
     Ezell (2000a) investigated the effects of spraying sulfometuron methyl over Nuttall 
oak and cherrybark oak seedlings that had fully leafed out in an abandoned agricultural 
field in eastern Mississippi, and found that survival was 26-49% higher for cherrybark 
oak seedlings and 33-53% higher for Nuttall oak seedlings receiving herbicide 
treatments versus the control. Lockhart (2000) reported taller height growth of 
cherrybark oak advance reproduction after nine growing seasons in mixed pine-
hardwood stands in eastern Mississippi released from midstory competitors by 
chainsaw and stump spraying with picloram. The released seedlings were 1.5-3 times 
the height of non-released seedlings.  
     If applied correctly, herbicides can be effective in reducing competing vegetation, 
and, in some cases, improving survival and growth of planted seedlings. Unlike cutting 
or mowing, herbicides can kill root systems of competing plants, so resprouting is 
reduced. Multiple applications may be necessary for the first few years following 
planting. Many of the herbicides used for controlling competing vegetation can also be 
harmful to planted seedlings and care must be taken so planted seedlings are not 
adversely affected. Herbicides labeled for hardwood management can be lethal to many 
hardwoods, including oaks and hickories, if not applied correctly.    
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     When using a soil active herbicide, such as imazapyr or hexazinone, timing of 
application and timing of planting are critical to the probability of success. As a result of 
their relative persistence in the soil, there is a potential to kill non-target plants (Tu et al. 
2001). Hexazinone does not bind strongly to soil particles and can remain mobile in the 
environment until metabolized by microbes (Tu et al. 2001). Planting seedlings too soon 
after applying a soil active herbicide can result in mortality of planted seedlings. 
Herbicides like picloram and glyphosate are foliar active. If spraying leaves, basal stems, 
or cut stumps of competitors with a foliar active herbicide after planted seedlings have 
broken dormancy, a low pressure sprayer and/or some form of shelter to cover the 
planted seedlings may be required to prevent unintentional mortality or damage. 
Lockhart (2000) used picloram to control woody competitors and release cherrybark oak 
advance reproduction. Herbicide damage was observed on a portion of the cherrybark 
oak seedlings as indicated by epinasty of the leaves. 
     Sulfometuron methyl has shown promise as a useful tool for controlling herbaceous 
vegetation in hardwood plantings. In a study by Ezell (2000a), a pre-emergent and a 
post-emergent application (after full leaf out) of sulfometuron methyl were compared. 
No damage to planted seedlings was observed in either of the applications. Excellent 
control of broadleaf herbaceous vegetation was reported, especially for the pre-
emergent application. Ezell (2000b) tested the effects of a pre-emergent and a post-
emergent application of oxyfluorfen and reported no signs of any herbicide damage to 
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any planted trees at any time. Broadleaf herbaceous species in the study were well-
controlled. Some control of grasses and sedges was also reported. Similar to the study 
of sulfometuron methyl, pre-emergent applications were more effective at controlling 
the herbaceous vegetation than the post-emergent applications.  
Weed Barrier Mats 
     Weed barrier mats provide an alternative to repeated application of herbicide to 
control herbaceous competition when attempting to establish planted seedlings. The 
non-woven, polypropylene hydrophilic treated fabric is permeable to air and water and 
is expected to last six years if not under direct sunlight.  The mats weigh 50.86 g/m² and 
have an infiltration rate of 75 L/s/m². There are many options when considering 
longevity of mats. As longevity increases, so does the price. Mats are designed to last 1-
20 years and should be selected based on your objectives. Mats should last long enough 
for seedlings to become well-established. They can be installed directly over 
competition and the opaque fabrics will exclude sunlight, killing existing vegetation in 
the area around the seedling. The competing vegetation is controlled as long as the mat 
remains in place. 
     Haywood (1999) reported on two studies using several natural and synthetic mulches 
in loblolly pine (Pinus taeda L.) plantings. Ten synthetic mulches were used, including 
various fabric mats. Results of the first study showed weed cover percentages of fabric 
mats ranged from 3-7% after three years, while weed cover in the control was 86%. Mat 
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deterioration for the fabric mats ranged from 0.1-15% after three years. After three 
years all the fabric mats produced greater basal diameters and one of the fabric mats 
produced taller total height than the control. The second study Haywood (1999) 
reported on showed less weed cover after three years in the fabric mat treatments (5-
8%) versus the control (94%) with mat deterioration ranging from 0.1-5%. Geyer (2003) 
found higher survival of black walnut (Juglans nigra L.) and Scots pine (Pinus sylvestris L.) 
seedlings receiving weed barrier mats versus seedlings treated annually with oryzalin 
herbicide. The black walnut seedlings receiving weed barrier mat treatments had 60% 
taller height growth than seedlings treated with herbicide.  
Foliage Clipping 
     Oak 1-0 seedlings are often large at the end of the nursery season, and can have a 
greater shoot to root ratio than is optimum for maximization of vigorous early growth of 
planted seedlings. Studies looking at effects of foliage clipping at planting have shown 
mixed results. Lockhart (2000) performed a study investigating the effects of midstory 
removal and shoot clipping of cherrybark oak advance reproduction in BLHW in eastern 
Mississippi. He reported no effect of clipping on height growth of cherrybark oak 
seedlings in the understory. Other studies have reported increased growth and greater 
vigor in planted seedlings receiving various clipping treatments (Larson 1975, Adams 
1985). While total height may be lower, the increased vigor associated with the clipped 
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seedlings has been shown to increase survival in some oak species, namely Shumard oak 
(Matt Symmank, Texas Parks and Wildlife, unpublished data).
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CHAPTER 2. INTEGRATED SILVICULTURAL TREATMENTS TO IMPROVE SURVIVAL OF 
HARDWOOD SEEDLINGS ON VERTIC SOILS 
 
     Extensive removal of bottomland hardwood forests (BLHW) in the southern US for 
agriculture began in the early part of the 19th century (Stanturf et al. 2001). The Lower 
Mississippi Alluvial Valley has experienced the greatest loss of BLHW in the US where 
land clearing for agriculture, and changes to hydrological regimes have resulted in a 70% 
reduction in area (Gardiner et al. 2010). These forests are unique and provide ecological 
functions important to a number of wildlife species. The re-establishment of oak species 
(Quercus spp.) has been the focus of most restoration attempts (King and Keeland 
1999). The establishment of oaks and hickories (Carya spp.) is desirable to increase 
habitat diversity and restore ecological functions such as hard mast production, foliage 
availability (Tallamy and Shropshire 2009), and cavity creation (Baumgartner 1939) that 
are important to insects, birds, and large and small mammals found in these 
bottomlands. Many of these restoration efforts have been unsuccessful due to a variety 
of reasons. In some cases, species may no longer being suitable for some sites because 
of changes to the hydrological regimes and the processes affected by those hydrological 
regimes (Kellison et al. 1998, Gordon et al. 2008). 
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     In north central and east Texas, the Post Oak Savannah ecoregion covers 
approximately 5.3 million hectares (Diggs et al. 2006), and is situated between the 
Pineywoods and Blackland Prairie ecoregions (Figure 1). The Post Oak Savannah 
generally begins where the 1,016 mm precipitation line occurs, west of the Pineywoods 
ecoregion (Larkin and Bomar 1983). Soils in the area are derived from sandstone, and 
thus are generally sandy, although clays and clay loams can occur in the bottomlands 
due to alluvial deposits from upstream areas with different parent materials. There are 
two cover types typically found in these BLHW: the water oak (Quercus nigra L.) -post 
oak (Quercus stellata Wangenh.) type and the sugarberry (Celtis laevigata Willd.) -elm 
(Ulmus spp.) type (Diggs et al. 2006). In BLHW in the Post Oak Savannah, vines, grasses, 
and forbs are common and can be abundant (Diggs et al. 2006).  
     Immediately west of the Post Oak Savannah, the Blackland prairie ecoregion covers 
approximately 4.6 million hectares, (Figure 1). The main belt was developed from 
marine sediment that upon weathering formed calcareous, heavy clay Vertisols found 
throughout this ecoregion. Similar to the Post Oak Savannah, there are two cover types 
typically found in the BLHW: the water oak-post oak type and the sugarberry-elm type 
(Diggs et al. 2006). Grasses and forbs are well-adapted to the environment and can be 
formidable competitors of tree seedlings for soil and light resources.  
     Soils with vertic characteristics can be found in floodplains of major streams in the 
Blackland Prairie and the Post Oak Savannah. Buol et al. (2003) reported Vertisols 
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Figure 1. Study sites situated between the Blackland Prairie and the Post Oak Savannah. 
Three sites were used for a field trial examining the effects of herbaceous competition 
control and basal area reduction on planted seedling survival and growth at different 
positions on the floodplain at Richland Creek WMA in Freestone County, TX, 2014-2016. 
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occurring on 6.5 million hectares in Texas. By definition, Vertisols have a large 
percentage of clay particles, i.e. >30% in all subhorizons to a depth of 50 centimeters or 
more (Soil Survey Staff 1999). Clay soils hold water more tightly than sandy or loamy 
soils (Hillel 1971, Fanning and Fanning 1989, Jones 1997). As a result, clay soils can have 
a relatively high water content, and yet little of the water is available for plant uptake 
(Hillel 1971). The bulk density of Vertisols increases and may be extraordinarily high 
during dry periods. Dudal (1965) found Vertisols in Texas with bulk density values of 2.2 
g/cm³. Hard soils during the growing season make root elongation difficult for planted 
seedlings. The main features of the natural vegetation found on Vertisols are drought 
tolerance, and development of deep roots to overcome root damage caused by 
seasonal cracking (Dudal 1965). When the rhizosphere dries out, soil cracking can 
damage tree roots (Dudal 1965, Ahmad 1988).  
     Large cracks in Vertisols still present at the beginning of the wet season are 
responsible for high initial infiltration rates, which decrease substantially with increased 
wetting (Krantz et al. 1978, Virmani et al. 1982). The flat relief that is typically found in 
BLHW, coupled with the reduced infiltration, creates surface drainage problems, 
especially when these soils are fully saturated (Kanwar 1982). While many tree species 
tolerate flooding during winter and early spring months, few are adapted to withstand 
prolonged flooding during the growing season. Changes to the natural flooding regime 
have led to dramatic changes in the recharge/discharge relationship between the 
 30 
 
streams and adjacent BLHW, and as a result have influenced shifts in species/site 
suitability (DeBell et al. 1982, Jones 1997).  
     Herbaceous competition is another factor that may pose a threat to the survival of 
planted oak and hickory seedlings. Diggs and Schulze (2003) presented indirect evidence 
that grass biomass is typically higher on clay soils, due to better moisture and nutrient 
availability at grass rooting depths. Oak and hickory species possess growth rates slower 
than or equal to those of herbaceous competitors and can quickly be overtopped (Smith 
1993). Young oak and hickory seedlings focus their resources on root growth rather than 
shoot growth, and height growth of oak and hickory seedlings is relatively slow until the 
root system is well-developed (Hodges and Gardiner 1993, Sparks 2005). There have 
been mixed results concerning survival and growth of bottomland hardwood seedlings 
as related to herbaceous competition. Some studies have yielded greater survival and 
growth of hardwood seedlings in bottomlands receiving competition control versus no 
competition control (Nix 1989, Lockhart 2000, Ezell and Hodges 2002). Other studies 
have shown greater survival in untreated plots, and noted benefits of herbaceous 
competition, including less soil-drying and protection from herbivory (Putnam et al. 
1960, Janzen and Hodges 1985, Buckley et al. 1998).  
     The extent to which oaks and hickories existed historically in BLHW in the Texas 
Blackland Prairie and the Post Oak Savannah is uncertain (Sharpless 1993, Bezanson 
2000, Diggs et al. 2006), but state agencies, as well as private landowners within these 
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ecoregions are interested in increasing the oak and hickory components of these BLHW, 
and how to overcome the difficulties presented in these areas. The Richland Creek 
Wildlife Management Area (RCWMA) is situated in the ecotone between the Blackland 
Prairie and the Post Oak Savannah (Figure 1) in Freestone County, TX. Unpublished 
studies have occurred in recent years at the RCWMA to measure survival of planted oak 
and pecan (Carya illinoinensis Wangenh.) seedlings. A study performed by Frentress et 
al. (1996, Texas Parks and Wildlife, unpublished data) examined the effects of canopy 
reduction on survival of oak and pecan seedlings. Low survival rates (<23%) were 
reported for all species. In a study performed in 2011, bur oak, Shumard oak, overcup 
oak, and pecan seedlings were each given one of two clipping treatments: clipping 30-
50% of shoot height and no clipping. Planted Shumard oak seedlings that were clipped 
had higher survival rates (37%) than unclipped (15%) (p = 0.003). The planted bur oak 
seedlings showed no difference in survival between clipping (45%) and no clipping (47%) 
(p = 0.8798). There were no overcup oak or pecan seedlings that survived that trial. The 
effects of controlling herbaceous competition were not examined in these previous 
studies. To identify a combination of integrated silvicultural treatments to improve 
survival and early growth of planted hard mast-producing seedlings, we tested the 
effects of a density reduction by mulching and different competition control methods 
(spot-application of glyphosate and fabric weed barrier mats) on three different tree 
species.  
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Materials and Methods 
Study Sites      
     The RCWMA is located on the floodplain of the Trinity River in Freestone County, 
Texas, USA (31.93° N, -96.05° W) (Figure 1). The RCWMA is 3,653 hectares of mostly 
BLHW. Richland Creek and the Trinity River form the northern boundary, and all study 
sites were within 5 km of the Trinity River (Figure 1). Elevation is approximately 77 
meters above mean sea level with microsite variations.  
     The area has hot, humid summers and moderate winters with a mean annual 
temperature of 18.7°C and a mean monthly range from 1.8 °C in January to 35.3 °C in 
July. The frost-free growing season is approximately 263 days. This area receives on 
average annual precipitation of 1,025 millimeters (National Oceanic and Atmospheric 
Administration 2011). While precipitation can be distributed evenly throughout the 
year, prolonged droughts may occur during the growing season. Seasonal flooding 
occurs during winter and early spring months, and may extend well into the growing 
season, causing anaerobic stress to newly planted seedlings.  
     At least three high-grading timber harvests prior to Texas Parks and Wildlife 
Department ownership may have reduced oak and hickory abundance within the 
RCWMA (Matt Symmank, Texas Parks and Wildlife, personal communication). These 
areas are now dominated by cedar elm (Ulmus crassifolia Nutt.), green ash, and 
sugarberry. None of these species produce significant mast for priority wildlife, such as, 
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white-tailed deer (Odocoileus virginianus) and eastern wild turkey (Meleagris 
gallopava). Though scarce, bur oak (Quercus macrocarpa Michx.), overcup oak (Quercus 
lyrata Walter), pecan, Shumard oak (Quercus shumardii Buckl.), and willow oak (Quercus 
phellos L.) are also found in the RCWMA. Common mid- and understory species include: 
chittamwood (Sideroxylon lanuginosum Michx.), dwarf palmetto (Sabal minor Jacq.), 
giant ragweed (Ambrosia trifida L.) greenbrier (Smilax spp. L.), parsley hawthorn 
(Crataegus marshallii Eggl.), poison-ivy (Toxicodendron radicans L. Kuntze), possumhaw 
(Ilex decidua Walter), red mulberry (Morus rubra L.), roughleaf dogwood (Cornus 
drummondi C.A. Mey.), and western soapberry (Sapindus saponaria L. var. drummondii 
Hook. And Arn. L.D. Benson). Shade-tolerant grasses and forbs make up the herbaceous 
layer.  
     Three sites were chosen at different elevations on the floodplain to represent areas 
with different levels of flooding frequency (Figure 1). Each site was approximately eight 
hectares. Common landform types found on active floodplains include fronts, flats, 
ridges, and slopes (Allen 2001, Gardiner 2001). A front is a natural levee that has formed 
parallel to the stream channel (Gardiner 2001). During overbank flooding, suspended 
sands and silts deposit as a levee adjacent to the stream channel (Wharton et al. 1982, 
Hodges 1994, Gardiner 2001). Fronts are typically the highest areas and are composed 
of the coarsest textured soils across the floodplain (Gardiner 2001). Floodwaters 
continue down the levee into the flat where they deposit finer textured sediment as the 
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water moves across the floodplain (Gardiner 2001).  Ridges are fronts or bars from 
historic stream channels. Ridges are at higher elevations than the flat, and are 
composed of relatively coarse soil particles (Gardiner 2001). Slopes are the transitional 
areas found between the active floodplain and uplands (Allen et al. 2001). Typically, at 
least 3 terraces can be found as one moves away, from the current channel of major 
streams. The most recent terrace is referred to as the first bottom. The next lowest 
terrace is known as terrace I or the second bottom. Terrace I lies below terrace II 
(Wharton et al. 1982, Hodges 1994). 
     The easternmost site (levee) was on the river levee, directly adjacent to the Trinity 
River. A second site (flat) was located on a flat in the first bottom, and the westernmost 
site (transition) was situated in a transition zone between the second bottom and 
uplands. The levee and the flat each had soils from the Kaufman and Trinity series (both 
are very-fine, smectitic, thermic Typic Hapluderts). These soils are very deep, 
moderately well-drained heavy clays with very slow permeability, and are typically 
found on floodplains with slopes ranging from 0-3%. Because the easternmost site was 
on the river levee, there was a greater percentage of sand that accumulated there 
during overbank flood events. The transition site had soils from the Kaufman series and 
the Lamar series (fine-silty, mixed, active, thermic Udic Haplustepts). The Lamar series is 
a very deep, well-drained, moderately permeable clay loam. This series is usually found 
in transition zones between level uplands and floodplains on slopes ranging from 5-12%. 
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Experimental Design  
     A split-split-plot design was used to examine the effects of density reduction, 
competition control methods, and tree species on growth and survival of planted 
seedlings.  The design had a 2 (density reduction) x 3 (competition control method) x 3 
(species) factorial structure replicated on the three sites. Each site was randomly divided 
into two sections constituting the whole plot. Divisions were made perpendicular to any 
perceived gradient caused by the river. Randomly assigned whole plots received one of 
two levels of the density reduction treatment: density reduction by mulching and an 
untreated control. There were 900 seedlings monitored on each site, with 450 seedlings 
monitored in each whole plot. Within each whole plot, three levels of competition 
control were implemented constituting the sub-plot: a spot-application of glyphosate, 
fabric weed barrier mats, and an untreated control. Of the 450 seedlings in each whole 
plot, 180 seedlings received the spot-application of herbicide, 180 seedlings received no 
competition control, and 90 seedlings received the weed barrier mat treatment. Within 
each sub-plot three species constituted the sub-sub-plot. There were 60 observational 
units randomly selected from operationally planted seedlings for each combination of 
treatments, except for the combinations receiving the weed barrier mat treatment, 
which each had 30 observational units. Seedlings included 1-0 bur oak, Shumard oak, 
and pecan with an unknown provenance acquired from Arborgen nursery in Bluff City, 
Arkansas. 
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Treatments 
     In December 2013, a line-point inventory was conducted at the three sites to 
determine total basal area (Table 1). A density reduction by mulching, analogous to a 
low thin, was performed in February 2014 to remove approximately 50% of the basal 
area on four of the eight hectares in each site. A multi-terrain loader fitted on the front 
with a mulcher that used rotating blades similar to the DAF front-mounted brushcutter-
mulcher 180 series was used to reduce the density on the sites. Only undesirable 
species (species other than oaks or hickories) were removed beginning with the lowest 
diameter class and moving up. Bur oak, Shumard oak, and pecan seedlings were hand 
planted operationally in March 2014 on a three meter by three meter spacing. Shumard 
oak seedlings were clipped to remove 30-50% of shoot height to reduce transpiration 
rates and increase vigor based on results from a study performed at the RCWMA in 2011 
(Matt Symmank, Texas Parks and Wildlife, unpublished data). In May 2014, seedlings to 
be monitored in our study were selected at random. At the same time, heights of all 
monitored seedlings were measured to the nearest centimeter and basal diameters 
were measured to the nearest millimeter.  
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Table 1. Basal area of three sites on the Trinity River floodplain inside the RCWMA in 
Freestone County, TX. Basal area was measured across each site in December 2013 
before the density reduction treatment was applied, and within the areas receiving the 
density reduction treatment after treatment application in February 2014.  
Site Transition Flat Levee 
  m2 ha-1 m2 ha-1 m2 ha-1 
Pre-basal area reduction by mulching 10.48 16.93 16.59 
    Post-basal area reduction by mulching 7.82 8.97 10.40 
 
     Beginning the last week of May 2014 and into the second week of June 2014, 
herbicide was applied to the seedlings in the herbicide treatments. Rodeo® (53.8% 
glyphosate) was the herbicide used to control herbaceous competition. A hand-held 
sprayer containing 15.6 mL/L water of Rodeo® and 15.6 mL/L water of Red River 90™, a 
nonionic low foam wetter/spreader adjuvant was used. The planted seedlings had 
already leafed out and had to be protected from the herbicide spray. A container with a 
45.7 centimeter diameter circular opening was used to cover the seedlings. The mix was 
sprayed around the container approximately 0.5 meters from the outside edge of the 
container. A range of 53-127 mL of the mix was sprayed around each seedling, 
depending on the level of herbaceous competition. Beginning during the second week 
of June 2014, and into the first week of July 2014, one meter by one meter Dewitt® six-
year, non-woven, polypropylene hydrophilic treated fabric weed barrier mats were 
installed around seedlings receiving the weed barrier mat treatment.          
 
 38 
 
Data Collection 
     Feral hogs (Sus scrofa) entered the levee and the flat shortly after planting and 
uprooted most of the pecan seedlings. Afterwards, when selecting seedlings to be 
monitored in the study, less than 30 pecan seedlings could be located on each of the 
two lower sites, so no data were collected for pecan seedlings on those sites. Uprooting 
by hogs was minimal on the transition site, and growth and survival of pecan seedlings 
were monitored after one growing season on that site. During the second growing 
season the Trinity River flooded the levee and the flat, and completely covered the 
planted seedlings for several weeks. The two sites were inaccessible from late May to 
mid-August 2015. Mortality was essentially complete (99.9%) for all of the selected 
seedlings on the levee and the flat, so only the transition site was analyzed for the 
second growing season. Survival, heights, and basal diameters of seedlings after one 
growing season were measured from late January to mid-February 2015. Survival was 
measured by nicking the bark of each seedling to expose the cambium. If the cambium 
was green the seedling was recorded as alive. If the cambium was brown the seedling 
was recorded as dead. Height was determined by measuring from the groundline to the 
tip of the tallest branch with a meter stick. Groundline diameter was determined by 
measuring the diameter of the stem at the groundline with a caliper. Volume index was 
calculated by squaring the measured diameters, then multiplying the product by the 
measured heights. The differences in heights and diameters between each year were 
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calculated to determine growth per growing season. All data are presented as growth 
per growing season. Statistical analyses after one growing season were performed to 
compare the effects of the treatments and their interactions across all three sites for 
bur oak and Shumard oak seedlings only, and additionally, statistical analyses were 
performed to compare the effects of competition control, species, and their interactions 
on the transition site only after one growing season. The data examined for the 
transition site included bur oak, Shumard oak, and pecan seedlings. Survival and heights 
and diameters of seedlings on the transition site were measured again in March and 
April 2016. Statistical analyses were performed to compare the effects of the 
competition control, species, and their interactions on this site only after two growing 
seasons.  
Data Analysis 
     All statistical analyses were completed using SAS software version 9.3 (SAS Institute, 
Cary, NC). Logistic regression was used to examine the effects of density reduction, 
competition control method, seedling species, and interactions on seedling survival. A 
mixed model analysis was used to test the effects of density reduction, competition 
control method, seedling species, and interactions on annual seedling growth. Prior to 
running the mixed model analysis, a univariate analysis was performed on annual 
growth measurements to test the assumptions of normality, and a Levene’s test was 
used to test homogeneity of variance. A cubed root transformation was applied to the 
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volume index growth data that was collected from the transition site after two growing 
seasons, although all means reported in this manuscript are untransformed. The fixed 
effect variables were level of density reduction, level of competition control method, 
level of species, and fixed-effect interactions. The random effect variables were site and 
site interactions. Following the mixed model analyses, the estimated G matrix was 
determined to be not positive definite. This indicates that one or more variance 
components in the random statement were estimated to be zero, so all site by 
treatment interactions were removed from the model (Table 2). 
Table 2. Skeletal ANOVA showing fixed effects, random effect, interactions, and degrees 
of freedom for a split-split-plot experiment examining the effects of density reduction, 
competition control, and species on survival and growth of hardwood seedlings planted 
on the Trinity River floodplain. Sites were located at the RCWMA in Freestone County, 
TX. The experiment was performed February 2014-April 2016. 
Source of Variation n DF Effect 
Density Reduction 2 1 Fixed 
Competition Control 3 2 Fixed 
Species 2 1 Fixed 
Density Reduction*Competition Control 
 
2 Fixed 
Density Reduction*Species 
 
1 Fixed 
Competition Control*Species 
 
2 Fixed 
Density Reduction*Competition Control*Species 
 
2 Fixed 
Site 
 
n/a Random 
Error 
 
1786 
 Total   1797   
 
Results 
     After two growing seasons, overall survival across all treatments and sites was 12%. 
Shumard oak seedlings had higher a survival percentage than the other species in all 
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three analyses (all sites following one growing season, transition site following one 
growing season, transition site following two growing seasons, p < 0.10). Seedlings 
receiving the density reduction treatment had a higher survival percentage than 
seedlings receiving no density reduction in all three analyses (p < 0.10). The seedlings 
receiving the weed barrier mats had higher survival than the other competition control 
methods in all cases, except after one growing season in the transition site where their 
survival did not differ from seedlings receiving the herbicide treatment (p < 0.10). 
Though Shumard oak, density reduction, and weed barrier mats generally had the 
highest survival, this was not always the case, as there were significant interactions 
among the three treatments (Table 3).  Because the two lower sites suffered severe 
mortality during the second growing season, the transition site will also be described 
separately for both years of data.  
     Across all sites after one growing season, analysis of survival revealed a significant 
three-way interaction between density reduction, competition control method, and 
species (p < 0.10) (Table 3). Shumard oak seedlings that received the weed barrier mat 
treatment (those in the density reduction and no density reduction treatments) and 
Shumard oak seedlings in the areas receiving the density reduction treatment and no 
competition control had the highest survival (61-68%) (P < 0.10) (Table 5). Analysis of 
diameter growth across all sites after one growing season also revealed a significant 
three-way interaction between density reduction, competition control method, and 
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species (p < 0.10) (Table 4). Diameter growth was low for all treatment combinations, 
and variance was relatively high (Table 6). The Shumard oak seedlings in the areas 
receiving no competition control, the Shumard oak seedlings in the area receiving the 
weed barrier mat treatment and no density reduction, and the bur oak seedlings in the 
areas receiving no density reduction and the glyphosate treatment had the least 
diameter growth (-0.2 mm-0.0 mm) (p < 0.10) (Table 6). All other treatment 
combinations had greater diameter growth (0.1 mm-0.4 mm), but were not different 
from one another (p < 0.10) (Table 6).  
Table 3. P-values for the fixed effects and fixed effects interactions for survival of 
seedlings planted in March 2014 in Freestone County, TX. Logistic regression was used 
to analyze survival. Values in bold are significant at the 0.10 alpha level. 
Effects 
2015 All 
Sites 
2015 
Transition 
Zone  
2016 
Transition 
Zone 
Survival  
   Density reduction <0.0001 <0.0001 <0.0001 
Competition Control 0.0082 0.0044 0.0040 
Species 0.0001 0.0155 <0.0001 
Density reduction*Competition Control 0.0325 0.4889 0.5016 
Density reduction*Species 0.3339 0.0034 0.9047 
Competition Control*Species 0.7217 0.0043 <0.0001 
Density reduction*Competition Control*Species 0.0297 0.0056 0.0760 
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Table 4. P-values for the fixed effects and fixed effects interactions for annual growth of 
seedlings planted in March 2014 in Freestone County, TX. A mixed effects model ANOVA 
was used to analyze growth. Values in bold are significant at the 0.10 alpha level. 
Effects 
2015 All 
Sites 
2015 
Transition 
Zone  
2016 
Transition 
Zone 
Annual Diameter Growth 
   Density reduction 0.8309 0.7926 0.0725 
Competition Control 0.1203 0.4383 0.1183 
Species 0.3502 <0.0001 0.2692 
Density reduction*Competition Control 0.4820 0.0812 0.1385 
Density reduction*Species 0.5600 0.3229 0.0822 
Competition Control*Species 0.0109 0.0149 0.0597 
Density reduction*Competition Control*Species 0.0271 0.0003 0.4017 
    Annual Height Growth 
   Density reduction 0.4738 0.2255 0.0041 
Competition Control <0.0001 0.0002 0.0002 
Species 0.0055 <0.0001 <0.0001 
Density reduction*Competition Control 0.0095 0.0457 0.0097 
Density reduction*Species 0.8717 0.0641 0.5888 
Competition Control*Species 0.0538 0.0679 0.3442 
Density reduction*Competition Control*Species 0.2082 0.0313 0.0252 
    Annual Volume Index Growth 
   Density reduction 0.4863 0.7909 0.0040 
Competition Control 0.8338 0.0066 0.1078 
Species 0.1808 0.0113 0.0005 
Density reduction*Competition Control 0.3261 0.0814 0.5238 
Density reduction*Species 0.4360 0.3470 0.2235 
Competition Control*Species 0.0091 0.0007 0.2501 
Density reduction*Competition Control*Species 0.0093 0.0006 0.2223 
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Table 5. Survival for seedlings receiving density reduction and competition control 
treatments planted in March 2014 in Freestone County, TX. Survival of monitored 
seedlings was measured in Jan-Feb 2015, following one growing season, and March-
April 2016 following two growing seasons. Superscripts denote differences between all 
combinations of treatments, i.e., between all columns and rows (describing the three-
way interaction that was revealed in each statistical analysis) for each of the three 
analyses (p < 0.10). Standard errors are displayed in parentheses. 
  Bur Oak Shumard Oak Pecan   
  Control 
Density 
Reduction Control 
Density 
Reduction Control 
Density 
Reduction 
2014 (%) (%) (%) (%) (%) (%) 
All Sites 
            Control 46(4)bcd 42(4)bc 53(4)defg 61(4)gh 
  Herb 31(3)a 51(4)def 49(4)cde 58(4)fg 
  Mats 39(5)ab 57(5)efg 62(5)gh 68(5)h 
         2014 
      Transition  
     Zone only 
            Control 62(6)abc 80(5)defg 58(6)abc 93(3)hi 53(6)ab 57(6)ab 
Herb  60(6)abc 95(3)i 67(6)bcd 90(4)ghi 78(5)def 72(6)cde 
Mats 47(9)a 83(7)defgh 93(5)ghi 87(6)efghi 80(7)defg 90(6)fghi 
       2015 
      Transition 
     Zone only 
            Control 10(4)ab 47(6)d 27(6)c 80(5)f 3(2)a 35(6)cd 
Herb 5(3)ab 13(4)b 30(6)c 73(6)f 5(3)ab 48(7)d 
Mats 3(3)ab 47(9)cd 37(9)cd 73(8)ef 53(9)de 70(9)ef 
*Column and row headings used to represent density reduction and competition control 
method include: Control=no density reduction, Control=no competition control 
Herb=spot-application of herbicide, Mats=fabric weed barrier mats. 
 
      Analysis of height growth across all sites after one growing season revealed two 
significant two-way interactions: density reduction by competition control method, and 
competition control method by species (p < 0.10) (Table 4). The seedlings with the 
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tallest height growth in the first interaction were in the areas, receiving no density 
reduction and no competition control (5.3 cm) (p < 0.10) (Table 6). In the second 
interaction, the seedlings with the tallest height growth were the bur oak seedlings 
receiving no competition control (6.2 cm) (p < 0.10) (Table 6). Analysis of volume index 
growth across all sites after one growing season revealed a significant three-way 
interaction between density reduction, competition control method, and species (p < 
0.10) (Table 4). Volume index is highly correlated to diameter, and like diameter growth, 
volume index growth was low for all treatments and variance was relatively high. The 
seedlings with the least volume index growth were in the same treatment combinations 
that had the least diameter growth (-0.6 cm³-1.9 cm³). All other treatment combinations 
had greater volume index growth (2.6 cm³-5.2 cm³), but were not different from one 
another (p < 0.10) (Table 6).   
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Table 6. Annual growth, after one growing season, of planted seedlings receiving density 
reduction and competition control treatments in Freestone County, TX. Superscripts 
denote differences between all combinations of treatments, i.e., between all columns 
and rows (describing the two-way and three-way interactions that were revealed in 
each statistical analysis) for each of the three analyses (p < 0.10). Standard errors are 
included in parentheses. 
  Bur Oak Shumard Oak Pecan   
  Control 
Density 
Reduction Control 
Density 
Reduction Control 
Density 
Reduction 
Transition Site 
     Annual Diameter Growth (mm) 
    Control 0.1(0.1)
abc
 0.7(0.2)
efgh
 0.9(0.2)
ghij
 0.0(0.2)
a
  1.3(0.2)
j
 1.0(0.2)
hij
 
Herb 0.2(0.2)
abcd
 0.1(0.1)
ab
  0.6(0.2)
defgh
 1.0(0.2)
hij
   0.8(0.2)
fghi
 0.6(0.2)
cdefg
 
Mats 0.4(0.2)
abcdefgh
 0.5(0.2)
bcdefg
  0.4(0.2)
abcde
 0.4(0.2)
abcdef
   0.4(0.2)
abcdef
 1.2(0.3)
ij
 
Annual Volume Index Growth (cm³) 
    Control 2.7(1.0)
ab
 6.9(1.3)
defgh
 8.8(1.6)
fgh
 2.9(1.3)
ab
 13.3(2.5)
i
 9.0(1.9)
gh
 
Herb 2.7(1.5)
ab
 2.9(0.8)
ab
  5.7(1.5)
bcdefg
 9.9(1.5)
h
   7.9(2.1)
efgh
 3.8(1.0)
abcd
 
Mats 5.8(2.2)
abcdefgh
 4.8(1.3)
abcde
  0.7(0.7)
a
 5.0(1.6)
bcdef
   2.3(1.2)
abc
 6.6(1.7)
cdefgh
 
Annual Height Growth (cm) 
     Control 6.1(1.2)
defg
 6.6(0.7)
efg
 9.1(2.1)
g
 6.2(1.3)
defg
  5.4(1.1)
cdef
 3.7(0.8)
cde
 
Herb 2.7(2.5)
bc
 5.9(1.0)
def
  5.7(1.3)
cdef
 8.3(1.1)
fg
   3.5(0.9)
cd
 0.4(0.9)
ab
 
Mats 6.0(3.1)
cdefg
 5.5(1.1)
cdef
 -1.5(0.7)
a
 6.5(2.2)
defg
 -1.2(1.5)
a
 0.1(1.3)
ab
 
All Sites 
      Annual Diameter Growth (mm) 
    Control  0.2(0.1)
cd
  0.4(0.2)
d
 0.1(0.1)
bcd
 -0.2(0.1)
a
 
  Herb  0.2(0.2)
bcd
  0.0(0.1)
ab
  0.3(0.2)
cd
  0.4(0.1)
d
 
  Mats  0.4(0.2)
d
  0.4(0.2)
d
  0.0(0.1)
abc
  0.4(0.1)
d
 
  Annual Volume Index Growth (cm³) 
    Control  3.1(1.1)
bc
  5.2(1.3)
c
 2.8(1.1)
bc
 0.8(0.8)
a
 
  Herb  2.8(1.0)
bc
  1.9(0.7)
ab
  2.6(0.9)
bc
  4.1(1.1)
c
 
  Mats  3.3(1.0)
bc
  3.4(1.0)
bc
 -0.6(0.5)
a
  3.1(0.8)
bc
 
  Annual Height Growth (cm) 
     
 
Control Density Reduction Bur  Shumard 
 Control  5.3(0.8)
c
  3.9(0.6)
a
 
 
 6.2(0.6)
c
  3.4(0.7)
b
 
 Herb  2.5(0.8)
a
  3.7(0.6)
b
 
 
 3.5(0.8)
b
  2.9(0.6)
b
 
 Mats -0.2(0.8)
a
  2.4(0.8)
a
   3.0(0.9)
b
  0.0(0.7)
a
  
aColumn and row headings used to represent density reduction and competition control 
method include: Control=no density reduction, Control=no competition control, 
Herb=spot-application of herbicide, Mats=fabric weed barrier mats. 
bNegative height growth values are presumed to have been a result of browsing and/or 
stem dieback.  
cNegative diameter growth values are presumed to be a result of inconsistent 
placement of caliper due to the stem not being a perfect cylinder and/or changes in 
groundline after alluvial sediment deposition and/or shrink/swell processes of vertic 
soils. 
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     After one growing season, analysis of survival of seedlings in the transition site only 
revealed a significant three-way interaction between density reduction, competition 
control method, and species (p < 0.10) (Table 3). Six treatment combinations had the 
highest survival (87%-95%). Five of the six treatment combinations were in the areas 
receiving the density reduction treatment, and four of the six were comprised of 
Shumard oak seedlings (Table 5). Analysis of annual diameter growth in the transition 
site after one growing season revealed a significant three-way interaction between 
density reduction, competition control method, and species (p < 0.10) (Table 4). There 
were five treatment combinations with the greatest diameter growth (0.9 mm-1.3 mm) 
comprised of pecan and Shumard oak seedlings (p < 0.10) (Table 6). Three of the five 
combinations were in the areas receiving the density reduction treatment. The two 
combinations in the area receiving no density reduction, and one of the combinations in 
the area receiving the density reduction treatment received no competition control 
(Table 6). 
     Analysis of annual height growth after one growing season in the transition site 
revealed a significant three-way interaction between density reduction, competition 
control method, and species (p < 0.10) (Table 4). The seven treatment combinations 
with the tallest height growth (6.0 cm-9.1 cm) were comprised of Shumard oak and bur 
oak seedlings. Four of the combinations received no competition control, and two of the 
combinations received the weed barrier mat treatment (p < 0.10) (Table 6). Analysis of 
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annual volume index growth in the transition site following one growing season 
revealed a significant three-way interaction between density reduction, competition 
control method, and species (p < 0.10) (Table 4). The pecan seedlings in the area 
receiving no density reduction or competition control had greater volume index growth 
than any other treatment combination (13.1 cm³) (p < 0.10) (Table 6).     
    As mentioned earlier, the analyses after two growing seasons only included data from 
the transition site, and included data from the pecan seedlings. The reduction to one 
site with no blocking resulted in no treatment replications, causing pseudoreplication. 
Due to the treatments being pseudoreplicated, the inferences on the treatment effects 
after two growing seasons are extremely limited. Analysis of survival after two growing 
seasons revealed a significant three-way interaction between density reduction, 
competition control method, and species (p < 0.10) (Table 3). Four treatment 
combinations displayed the highest survival (70%-80%). All four combinations received 
the density reduction treatment. Three of the four combinations were the Shumard oak 
seedlings receiving all three levels of competition control (p < 0.10) (Table 5). 
     Analysis of year two annual diameter growth revealed two significant two-way 
interactions: density reduction by species, and competition control method by species 
(p < 0.10) (Table 4). Within the first interaction, Shumard oak seedlings in the area 
receiving the density reduction treatment and bur oak seedlings in the area receiving no 
density reduction had the greatest diameter growth  (0.48 mm-1.02 mm) (p < 0.10) 
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(Table 7). All other combinations were not different from one another (p < 0.10) (Table 
7). In the second interaction, of the four combinations with the greatest diameter 
growth (0.69 mm-1.20 mm), two were Shumard oak seedlings, and two received the 
weed barrier mat treatment (p < 0.10) (Table 7). Analysis of year two annual height 
growth revealed a significant three-way interaction between density reduction, 
competition control method, and species (p < 0.10) (Table 4). The Shumard oak 
seedlings in the area receiving the density reduction and no competition control had the 
tallest height growth (24.2 cm) (p < 0.10) (Table 7). Analysis of year two annual volume 
index growth revealed two significant main effects (Table 4). Seedlings in the area 
receiving the density reduction had greater annual volume index growth (9.43 cm³) than 
seedlings in the areas receiving no density reduction (2.12 cm³) (p < 0.10) (Table 7), and 
Shumard oak seedlings had greater volume index growth (11.71 cm³) than bur oak 
seedlings (1.94 cm³) or pecan seedlings (4.27 cm³) (p < 0.10) (Table 7). 
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Table 7. Annual growth, after two growing seasons, of planted seedlings receiving 
density reduction and competition control treatments in Freestone County, TX. 
Superscripts denote differences between all combinations of treatments, i.e., between 
all columns and rows (describing the three-way interaction that was revealed in each 
statistical analysis) for each of the three analyses (p < 0.10), except in the case of 
volume index growth, where differences are between the main effects (p < 0.10). 
Standard errors are included in parentheses. 
  Bur Oak Shumard Oak Pecan   
  Control 
Density 
Reduction Control 
Density 
Reduction Control 
Density 
Reduction 
Transition Site 
     Height Growth (cm) 
     Control     0.6(1.1)
bc
     7.5(1.9)
cd
     8.3(2.7)
cd
   24.2(2.4)
f
     8.1(6.2)
cde
     9.8(2.3)
de
 
Herb  -19.0(10.7)
a
     2.1(2.9)
bcd
     5.8(1.9)
bcd
     9.6(1.2)
d
   -2.5(4.0)
b
     6.9(2.5)
cd
 
Mats   15.4(9.3)
ef
     1.4(3.6)
bc
   10.7(2.8)
de
   15.4(3.8)
e
     4.8(1.4)
bcd
     7.1(1.8)
cd
 
Volume Index Growth (cm³) 
    Control Density Reduction 
      2.1(0.9)
a
   9.4(1.1)
b
 
     Bur Shumard Pecan 
      1.9(1.0)
a
 11.7(1.5)
b
   4.3(1.2)
a
 
    
Diameter Growth (mm) 
     
 
Bur Oak Shumard Oak Pecan 
   Control   0.3(0.2)
abc
   1.2(0.3)
d
   0.0(0.4)
ab
 
   Herb -0.3(0.3)
a
   0.1(0.2)
a
   0.7(0.3)
bcd
 
   Mats   0.7(0.3)
bcd
   0.9(0.3)
cd
   0.1(0.2)
ab
 
   
       Control   0.5(0.5)
ab
 -0.1(0.2)
a
   0.1(0.2)
a
 
   Density 
Reduction   0.3(0.2)
a
   1.0(0.2)
b
   0.4(0.2)
a
       
 aColumn and row headings used to represent density reduction and competition control 
method include: Control=no density reduction, Control=no competition control,  
Herb=spot-application of herbicide, Mats=fabric weed barrier mats. 
bNegative height growth values are presumed to have been a result of browsing and/or 
stem dieback.  
cNegative diameter growth values are presumed to be a result of inconsistent 
placement of caliper due to the stem not being a perfect cylinder and/or changes in 
groundline after alluvial sediment deposition and/or shrink/swell processes of vertic 
soils. 
Discussion 
     Flooding during the second growing season was too severe and long in duration for 
the oaks on the levee and the flat, but survival of planted oak seedlings was high in 
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some cases in the transition site. This indicates that bur oak and Shumard oak are not 
well suited to growing season flooding that can occur at lower elevations on the Trinity 
River floodplain. There were some factors that seemed to affect trends in survival and 
growth that remained consistent throughout both growing seasons on the transition 
site and for the first year on all three sites. These factors were: herbaceous cover, 
density reduction, and the effects of the weed barrier mats on soil moisture retention. 
Herbaceous Cover 
     Herbaceous weeds, if not too severe, can be beneficial to seedlings by making them 
more difficult to find by browsing animals (Putnam et al. 1960, Johnson and Biesterfeldt 
1970). Herbaceous vegetation can also reduce negative effects of drought and/or 
flooding. Janzen and Hodges (1985), while examining the effects of herbicide on oak 
advanced reproduction in BLHW saw higher establishment and survival of new oak 
seedlings in plots that did not remove the herbaceous vegetation. During droughty 
periods there were many large cracks in the soils, but where herbaceous vegetation or 
debris was present to cover the soil, the cracks were small or absent. In our study, after 
one growing season, across all sites, Shumard oak seedlings in the section receiving 
density reduction and no competition control were one of the three treatment 
combinations which had highest survival (61%) (Table 5). In the species by competition 
control interaction, height growth after one growing season across all sites was tallest 
for the bur oak seedlings receiving no competition control (Table 6). In the density 
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reduction by competition control interaction, height growth was tallest for seedlings 
receiving no density reduction and no competition control (Table 6). The partial or 
complete removal of the midstory and/or herbaceous competition creates open areas 
that can make seedlings easier to find by browsing animals, as has been shown in 
studies examining wildlife effects on oak growth and survival (Buckley et al. 1998, Kolka 
et al. 1998, Truax et al. 2000, Oswalt et al. 2004). Increased browsing in these open 
areas could explain the lower height growth. It’s worth mentioning the possibility that 
some of the seedlings receiving the herbicide treatment may have unintentionally been 
injured by the treatment application. The seedlings were covered with a large diameter 
container because the herbicide was foliar active, but it is possible that some herbicide 
residue from the surrounding vegetation may have contacted the seedlings’ leaves and 
damaged them enough to cause a reduction in height growth or survival.  
     The treatment combinations with the tallest year two height growth were the 
Shumard oak seedlings in the area receiving the density reduction and no competition 
control. Gordon et al. (1995) reported that the heights of northern red oak seedlings 
(Quercus rubra L.) receiving annual competition control were shorter than northern red 
oak seedlings receiving no competition control by up to 27 cm and 33 cm during the 
fifth and sixth season respectively. They attributed this to the competition control 
making the seedlings easier to find by deer. Rapid height growth is important for long-
term survival of seedlings planted in BLHW. This enables seedlings to get above 
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herbaceous competition, out of the reach of browsing animals, and above seasonal 
floodwaters. 
Density Reduction    
     All the species in our study were relatively shade-intolerant, but during the first few 
years of seedling establishment canopy openness can elicit a neutral survival and 
growth response from oak seedlings (Collins and Battaglia 2008). Dulohery et al. (2000) 
reported no increases in survival of swamp chestnut oak (Quercus michauxii) from 
canopy reduction during the first two years after planting. In our study across all sites 
after one growing season, two of the three combinations of treatments that yielded the 
highest survival percentage received the density reduction treatment (Table 5). On the 
transition site after one growing season, five of the six combinations of treatments that 
yielded the highest survival percentage received the density reduction treatment (Table 
5). For year two, the treatment combinations with the highest survival all received the 
density reduction treatment (Table 5). Volume index growth after two growing seasons 
was greater in the areas receiving the density reduction treatment than in the un-
treated areas (Table 7). A study by Gardiner and Hodges (1998) showed maximum 
height and diameter growth for seedlings with similar shade tolerances occurred around 
50% canopy coverage. After two growing seasons, Shumard oak seedlings had greater 
volume index growth than the other species. After two growing seasons the seedlings 
with the tallest height growth were also Shumard oak seedlings (receiving the density 
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reduction treatment and no competition control). While this may have been an effect of 
browsing preference, casual observations did not indicate one species being browsed 
more heavily than another. The reduced height and volume index growth by the bur oak 
and pecan seedlings may have been a result of differences in stem dieback among the 
species.  
Weed Barrier Mat Soil Moisture Retention 
     Across all sites after one growing season, Shumard oak seedlings receiving the 
glyphosate treatment had lower survival than the Shumard oak seedlings receiving the 
weed barrier mat treatment (Table 5). While soil moisture content among the different 
treatments was not examined, removal of herbaceous competition using herbicide has 
been shown to result in more rapid drying of the soil, leading to increased mortality via 
drought (Putnam et al. 1960, Janzen and Hodges 1987, Jones 1997). Competition control 
using weed barrier mats, however, does not expose the soil, and therefore may have 
retained more moisture than competition control using herbicide. The weed barrier 
mats may have performed the same service as the debris Janzen and Hodges (1985) 
observed. There were four treatment combinations that yielded the highest survival 
after two years. One of these combinations was the pecan seedlings in the area 
receiving the density reduction and the weed barrier mat treatment (70%) (Table 5). 
Pecans have been shown to be less drought-tolerant than most oaks (Sparks 2005), and 
the weed barrier mats create an environment with less competition than seedlings 
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receiving no competition control, and may create an environment that holds soil 
moisture more effectively than areas treated with herbicide. The treatment 
combination with the second highest survival percentage was the pecan seedlings in the 
area receiving no density reduction and the weed barrier mat treatment (53%) (Table 5).  
     Pecan seedlings receiving the weed barrier mat treatment had higher survival than 
the other competition control methods applied to pecan seedlings in the areas receiving 
the density reduction treatment and in the areas receiving no density reduction (Table 
5). This suggests that pecans require some form of competition control to compensate 
for the competition for soil water, but that the soil drying effects of herbicide may have 
negative effects on survival of planted pecan seedlings. It is worth mentioning again that 
the seedlings planted in the experiment had an unknown provenance, and that this may 
have affected the survival and growth data. While it would be ideal to use seedlings with 
a local provenance, at the time of the experiment there were no seedlings with a local 
provenance available. 
Management Recommendations 
     The survival results were consistent with the literature concerning species 
composition in major river floodplains. While pecan is sometimes found on fronts, such 
as the river levee (Johnson and Biesterfeldt 1970, Sparks et al. 1998), except for the 
most flood-tolerant oak species, oaks generally begin to appear on the second bottom 
(Putnam et al. 1960, Wharton et al. 1982, Hodges 1997). Soils on the second bottom are 
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more developed, with lower pH values, and experience less frequent growing season 
flooding (Gardiner 2001). The two lower sites, especially the site on the flat, had a thick 
understory of dwarf palmetto. Wharton et al. (1982) pointed out that dwarf palmetto is 
largely restricted to National Wetlands Technical Council bottomland hardwood zone IV. 
Vegetation commonly found in zone IV includes green ash, sugarberry, possumhaw, and 
hawthorn (Crataegus spp.) (Wharton et al. 1982). All of these species were common on 
the levee and the flat. Bur oak and Shumard oak are typically recognized as zone V 
species. The mature bur oak and Shumard oak trees found on the sites in the first 
bottom were probably established at a time when changes to the hydrological regime 
were not as great as they are now, or they may have been established during periods of 
several droughty years in a row (Clark and Benforado 1981). Extended droughty 
conditions would have led to mortality of some mature trees, creating openings for the 
more drought-tolerant oak seedlings to become established. Many seedlings probably 
became established, but only a few were large enough to survive when the drought 
ended, and average conditions returned.  
     Oaks and pecans had relatively high survival (> 45%) after two growing seasons in 
many of the treatments on the transition site (Table 5). The lack of survival of the oaks 
within the sites on the levee and the flat was primarily a result of sustained flooding 
during the growing season. This is not an annual occurrence. The oak seedlings had 
relatively high survival across all sites after the first growing season. If following planting 
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there were at least five years without sustained flooding during the growing season, 
some of the seedlings would likely be tall enough to avoid being completely overtopped 
by floodwaters, and have a chance of becoming established. However, the occurrence 
of extended flooding during the growing season cannot be predicted. If planting 
seedlings to increase large mast-production in the active floodplain is undertaken, then 
it may be advantageous to use dwarf palmetto and other tree species listed as primarily 
being found in zone III and zone IV as indicator species for appropriate sites. For 
example, where dwarf palmetto is common one could plant species typically found in 
zone IV such as Nuttall oak, laurel oak (Quercus laurifolia Michx.), and willow oak, or 
species suited to zone III, such as water hickory (Carya aquatic Michx. f.) and overcup 
oak, as most zone III species can be found in zone IV (Clark and Benforado 1981, Conner 
et al. 1990).  Each species’ tolerance to the alkaline soils in this area should also be 
considered. Planting of zone V species should be restricted to areas where the 
occurrence of dwarf palmetto is uncommon. Higher elevations in the floodplain, such as 
hummocks on fronts and ridges may be more suitable for planting less flood-tolerant 
species such as bur oak and Shumard oak. A removal of the canopy around these 
seedlings could then be performed if seedlings survived and looked vigorous after one 
to two growing seasons. Pecan seedlings may be well-adapted to the first bottom, 
especially on the river levee, if large populations of feral hogs are not present. 
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Conclusions 
     Based on the results after two growing seasons, the species tested are not well-
suited to the river levee, or the flat on the first bottom of the Trinity River. In the 
transition site between the floodplain and uplands, the density reduction had a 
beneficial effect on survival of seven of the nine species/competition control method 
combinations. Controlling herbaceous vegetation had no beneficial effects on survival of 
either of the two oak species. In fact, the spot-application of glyphosate around bur oak 
seedlings in the area receiving the density reduction treatment resulted in a survival 
percentage lower than the seedlings receiving no competition control. The weed barrier 
mats had a positive effect on survival of the pecan seedlings. The pecan seedlings 
receiving the weed barrier mats (in the areas receiving the density reduction treatment 
and the areas receiving no density reduction) had higher survival than the pecan 
seedlings receiving the glyphosate treatment, and those receiving no competition 
control. Selection of appropriate species for each site may be critical to success of BLHW 
restoration projects.
 59 
 
LITERATURE CITED 
Ahmad, N. 1988. Management of Vertisols in the humid tropics. Pages 97-115 in L.P. 
Wilding and R. Puentes, editors. Vertisols, their distribution, properties, 
classification, and management. Texas A&M University Printing Center, College 
Station, TX, USA. 
Baumgartner, L.L. 1939. Fox squirrel dens. Journal of Mammalogy. 20(4): 456-465. 
Bezanson, D. 2000. Natural vegetation types of Texas and their representation in 
conservation areas. University of Texas at Austin, M.A. Thesis, Austin, Texas, USA. 
Buckley, D.S., T.L. Sharik, and J.G. Isebrands. 1998. Regeneration of northern red oak: 
Positive and negative effects of competitor removal. Ecology 79(1): 65-78. 
Buol, S.W., R.J. Southard, R.C. Graham, and P.A. McDaniel. 2003. Soil Genesis and 
Classification. 5th Edition. Iowa State Press. Ames, Iowa, USA. 
Clark, J.R. and J. Benforado, eds. 1981. Wetlands of bottomland hardwood forests. Elsevier, 
Amsterdam, The Netherlands. 
Collins, B. and L.L. Battaglia. 2008. Oak regeneration in southeastern bottomland hardwood 
forest. Forest Ecology and Management 255: 3026-3034. 
Conner, W.H., R.T. Huffman, and W. Kitchens. 1990. Composition and productivity in 
bottomland hardwood forest ecosystems: the report of the vegetation workgroup. 
 60 
 
Pages 455-479 in J.G. Gosselink, L.C. Lee, and T.A. Muir, editors. Ecological Processes 
and cumulative impacts. Lewis Publishers, Chelsea, Michigan, USA. 
DeBell, D.S., G.R. Askew, D.D. Hook, J. Stubbs, and E.G. Owens. 1982. Species suitability on a 
lowland site altered by drainage. Southern Journal of Applied Forestry 6(1): 2-9. 
Diggs, Jr., G.M. and P.C. Schulze. 2003. Soil-dependent fire-frequency: a new hypothesis for 
the distribution of prairies and oak woodlands/savannas in north central and east 
Texas. SIDA 20(3): 1139-1153. 
Diggs, G.M., R.J. George, M.D. Reed, and R.J. O’Kennon. 2006. Illustrated flora of east Texas. 
Botanical Research Institute of Texas, Fort Worth, Texas. 
Dudal, R. 1965. Dark clay soils of tropical and subtropical regions. Agriculture Development 
paper 83, Food and Agriculture Organization of the United Nations, Rome, Italy. 
Dulohery, C.J., R.K. Kolka, and M.R. McKelvin. 2000. Effects of a willow overstory on planted 
seedlings in a bottomland restoration. Ecological Engineering 15: 57-66. 
Ezell, A.W. and J.D. Hodges. Herbaceous weed control improves survival of planted 
Shumard seedlings in Outcalt, Kenneth W., editor. Proceedings of the eleventh 
biennial southern silvicultural research conference.Gen. Tech. Rep. SRS–48. USDA, 
Forest Service, Southern Research Station, Asheville, NC, USA.  
Fanning, D. S. and M.C.B. Fanning. 1989. Soil morphology, genesis, and classification. John 
Wiley and Sons, Inc., New York, NY, USA. 
 61 
 
Gardiner, E. 2001. Ecology of bottomland oaks in the southeastern United States in 
Proceedings of the third international oak conference. Asheville, North Carolina, 
USA. 
Gardiner, E.S., D.C. Dey, J.A. Stanturf, and B.R. Lockhart. 2010. Approaches to restoration of 
oak forests on farmed lowlands of the Mississippi River and its tributaries. Revista 
Colombia Forestal 13(2): 223-236. 
Gardiner, E.S. and J.D. Hodges. 1998. Growth and biomass distribution of cherrybark oak 
seedlings as influenced by light availability. Forest Ecology and Management. 108: 
127-134 
Gordon, A.M., J.A. Simpson, and P.A. Williams. 1995. Six-year response of red oak seedlings 
planted under a shelterwood in central Ontario. Canadian Journal of Forest Research 
25: 603-615. 
Gordon, L.J., G.D. Peterson, and E.M. Bennett. 2008. Agricultural modifications of 
hydrological flows create ecological surprises. Trends in Ecology and Evolution 23(4): 
211-219. 
Hillel, D. 1971. Soil and Water: Physical principles and processes. Academic Press, Inc., New 
York, NY, USA.  
Hodges, J.D. & E.S. Gardiner. Ecology & physiology of oak regeneration Proceedings of oak 
regeneration: serious problems, practical recommendations. General Technical 
 62 
 
Report SE-84.USDA Forest Service Southeastern Forest Experiment Station, 
Knoxville, TN, USA. 
Hodges, J.D. 1997. Development and ecology of bottomland hardwood sites. Forest Ecology 
and Management 90: 117-125. 
Janzen, G.C. and J.D. Hodges. 1985. Influence of midstory and understory vegetation 
removal on the establishment and development of oak regeneration. Pages 273-278 
in E. Shoulders, editor. Proceedings of the 3rd Biennial Southern Silvicultural 
Research Conference. General Technical Report SO-54. USDA, Forest Service, 
Southern Forest Experiment Station, New Orleans, LA, USA. 
Janzen, G.C. and J.D. Hodges. 1987. Development of advanced oak regeneration as 
influenced by removal of midstory and understory vegetation. Pages 455-461 in D.R. 
Phillips compiler. Proceedings of the 4th Biennial Southern Silvicultural Research 
Conference. General Technical Report SE-42. USDA, Forest Service, Southeastern 
Forest Experiment Station, Asheville, NC, USA. 
Johnson, R.L. and R.C. Biesterfeldt. 1970. Forestation of hardwoods. Forest Farmer 30(2): 
14-15, 36-38. 
Jones, J.A.A. 1997. Global Hydrology: Processes, resources and environmental management. 
Addison Wesley Longman, Harlow, UK. 
 63 
 
Kanwar, J.S. 1982. Problems and potentials of vertisols and alfisols the 2 important soils of 
SAT ICRISAT experience. Tropical Agriculture Research Series No. 15 Tropical 
Agriculture Research Center,Yatabe, Tsukuba, Ibaraki, Japan. 
Kellison, R.C., M.J. Young, R.R. Braham, and E.J. Jones. 1998. Major alluvial floodplains. 
Pages 291-323 in M.G. Messina and W.H. Conner, editors . Southern forested 
wetlands: Ecology and management. Lewis Publishers, New York, NY, USA. 
King, S.L. and B.D. Keeland. 1999. Evaluation of reforestation in the Lower Mississippi River 
Alluvial Valley. Restoration Ecology 7(4): 348-359. 
Kolka, R.K., C.C. Trettin, E.A. Nelson, and W.H. Conner. 1998. Tree seedling establishment 
across a hydrologic gradient in a bottomland restoration. Pages 89-102 in P.J. 
Cannizzaro, editor. Proceedings of the 25th annual conference on ecosystem 
restoration and creation, Tampa, FL, USA. 
Krantz, B.A., J. Kampen, and S.M. Virmani. 1978. Soil and water conservation and utilization 
for increasing food production in the SAT. Prepared for the 11th International Society 
of Soil Science, Edmonton, Canada. Available from Farming Systems Research 
Program , ICRISAT, Pantancheru, A.P., India.  
Larkin, T.J. and G.W. Bomar. 1983. Climatic atlas of Texas. Texas Department of Water 
Resources, Austin. 
Lockhart, B.R. 2000. Response of advance cherrybark oak reproduction to midstory removal 
and shoot clipping. Southern Journal of Applied Forestry. 24(1): 45-50. 
 64 
 
National Oceanic and Atmospheric Administration. 2011. Annual climatological summary for 
Limestone County, TX. Available online at www.noaa.gov 
http://www.srh.weather.gov/fwd/?n=mexiaclimatology; accessed September 2016. 
Nix, L.E. 1989. Early release of bottomland oak enrichment plantings appears promising in 
South Carolina in J.H. Miller, compiler. Proceedings of the 5th Biennial Southern 
Silviculture Research Conference. General Technical Report SO-74. USDA, Forest 
Service, Southern Forest Experiment Station, New Orleans, LA, USA.  
Oswalt, C.M., W.K. Clatterbuck. S.E. Schlarbaum, and A.E. Houston. 2004. Growth and 
development of outplanted high-quality northern red oak seedlings and the effect of 
competing herbaceous production within four overstory treatments-first year results 
in K.F. Connor, editor. Proceedings of the 12th Biennial Southern Silviculture 
Research Conference. General Technical Report SRS-71. USDA, Forest Service, 
Southern Research Station, Asheville, NC, USA. 
Putnam, J.A., J.M. Furnival, and J.S. McKnight. Management and inventory of southern 
hardwoods. Agriculture Handbook No. 181. USDA, Forest Service, Washington, DC, 
USA. 
Sharpless, R. 1993. The Texas Blackland Prairie: Land, history, and culture. Baylor University, 
Waco, TX, USA 
Smith, D.W. Oak regeneration: the scope of the problem: D.L. Loftis and C.E. McGee, 
editors. Proceedings of oak regeneration: serious problems, practical 
 65 
 
recommendations. General Technical Report SE-84. USDA Forest Service, Knoxville, 
TN, USA. 
Soil Survey Staff. 1999. Soil taxonomy: A basic system of soil classification for making and 
interpreting soil surveys. 2nd edition. Agriculture Handbook 436 USDA Natural 
Resources Conservation Service, Washington, DC, USA. 
Sparks, R.E., J.C. Nelson, and Y. Yin. 1998. Naturalization of the flood regime in regulated 
rivers. Bioscience 48(9): 706-720. 
Sparks, D. 2005. Adaptability of pecan as a species. HortScience 40(5): 1175-1189. 
Stanturf, J.A., S.H. Schoenholtz, C.J. Schweitzer, and J.P. Shepard. 2001. Achieving 
restoration success: Myths in bottomland hardwood forests. Restoration Ecology 
9(2): 189-200. 
Tallamy, D.W. and K.J. Shropshire. 2009. Ranking Lepidopteran use of native versus 
introduced plants. Conservation Biology 23(4): 941-947. 
Truax, B., F. Lambert, and D. Gagnon. 2000. Herbicide-free plantations of oaks and ashes 
along a gradient of open to forested mesic environments. Forest Ecology and 
Management  137: 155-169. 
Virmani, S.M., K.L. Sahrawat, and J.R. Burford. 1982. Physical and chemical properties of 
vertisols and their management in 12th International Congress of Soil Science, New 
Delhi, India. 
 66 
 
Wharton, C.H., W.M. Kitchens, E.C. Pendelton, and T.W. Swipe. 1982. The ecology of 
bottomland hardwood swamps of the southeast: a community profile. Biological 
Report FWS/OBS-81/37. US Fish and Wildlife Service. Washington, D.C., USA 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 67 
 
CHAPTER 3. THE EFFECTS OF FLOOD-DROUGHT CYCLE SEQUENCE ON SURVIVAL, 
GROWTH, AND LEAF-LEVEL PHYSIOLOGY OF TREE SEEDLINGS 
  
Introduction 
     Development of the waterways of the southeastern United States has resulted in 
drastic changes to the hydrology of bottomland hardwood forests (BLHW). Hydrological 
regime changes throughout the southeastern United States have made restoration of 
many of the historically native species difficult, and in many cases unlikely (King and 
Keeland 1999, Stanturf et al. 2000, Stanturf et al. 2004). BLHW composition and 
productivity are influenced by flood depth, duration, timing, and frequency (Bedinger 
1971, Fredrickson 1997). Because the composition of plant communities in these 
systems is largely affected by the current flooding regime (Junk et al. 1989, Bayley 1995, 
King and Keeland 1999), and its effects on abiotic and biotic processes such as 
deposition of sediment, organic matter, and inorganic compounds from upstream (Junk 
et al. 1989, Stanturf et al. 2000), a change in flooding regime results in a change of plant 
composition. 
     The widespread removal and fragmentation of bottomland forests for urban 
development and agriculture reduced the amount of floodwater being retained by those 
forests, which in some cases lead to increased flooding downstream (Gardiner et al. 
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2010). BLHW located downstream from urbanized areas are also affected by urban 
runoff (Sun and Caldwell 2015). Urban runoff is caused by paved surfaces, release of 
wastewater, and artificial drainage (Jones 1997). Anderson (1970), while studying the 
effects of urban development on floods in northern Virginia, found flood peaks could be 
increased by a factor of 2-8 times. Hollis (1977) reported findings on streamflows near 
an urbanized area with a high percentage of clay soils, and found that the effects of 
urbanization were most apparent during the growing season. Long-term flooding during 
the growing season often results in the death of seedlings.   
     Some areas which, in the past, were subjected to soil water deficits infrequently and 
for relatively short periods may now be subject to extended droughts. Increases in 
stream channel depth as a result of increased streamflows, and reductions in sediment 
loads caused by reservoirs may result in a lowering of the water table, in effect, 
reducing the amount of plant available water (Ligon et al. 1995). Pumping of 
groundwater for agricultural/municipal use along with the effects of flood control, such 
as the construction of levees (Jones 1997) can also reduce the amount of plant available 
water during the growing season. Seedlings are more susceptible to drought than 
mature trees because of their relatively small root system and low amount of root 
reserves.  
     Prolonged flooding creates anaerobic conditions which are detrimental to the roots 
of many plants during the growing season when high amounts of oxygen are required 
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for root respiration (Broadfoot and Williston 1973). Chang and Loomis (1945) stated 
that plant roots function normally with 5-10% oxygen in the soil and slowly with 1-2% 
oxygen. During the growing season, available oxygen is used by soil microorganisms 
within hours after soil inundation (Kozlowski 1984b). An anoxic soil environment can 
stop root growth (Sanderson and Armstrong 1980) and result in the development of 
toxic compounds which can have adverse effects on growth and survival of planted 
seedlings (Chang and Loomis 1945, Kozlowski 1984a). A sequence of metabolic and 
physiological changes occurs in plants soon after soil inundation. Stomatal closure is 
among the earliest responses (Kozlowski 1984b). The increased CO2 and decreased 
oxygen concentrations found in flooded soils increases plant root resistance, which in 
turn reduces water absorption (Kramer 1940). The response of stomatal closure to 
compensate for this effect has been reported frequently (Regehr et al. 1975, Sena 
Gomes and Kozlowski 1980, Bradford and Yang 1981, Bradford 1982, Tang and 
Kozlowski 1984 a,b, and c, Kozlowski 1984 a, Dreyer et al. 1991); however, the stomata 
are also the location where most CO2 uptake occurs. CO2 uptake is reduced as a result of 
stomatal closure, and carbon starvation eventually will occur if stomata do not re-open 
(Brix 1962, McDowell et al. 2008). 
     The closure of stomata adversely affects photosynthetic rates and transpiration rates 
(Regehr et al. 1975, Sojka and Stolzy 1981, Bradford 1982, Kozlowski 1984a, and Dreyer 
et al. 1991). Likewise, and to some degree as an effect of, soil flooding adversely affects 
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growth, root to shoot ratio, and survival (Reid and Crozier 1971, Sena Gomes and 
Kozlowski 1980, Tang and Kozlowski 1982b, and Kabrick et al. 2007). A study by Tang 
and Kozlowski (1982b) reported that bur oak seedlings grown in flooded soils had a 
reduced root to shoot ratio. They further stated that the reduction of the root system of 
seedlings, as an effect of flooding, may reduce their drought tolerance when the 
floodwaters recede (Kozlowski 1984c). 
     Plant water deficits can reduce photosynthetic rates as a result of reducing leaf area 
by senescence and abscission (Kramer and Kozlowski 1979), by slower shoot growth 
(Slatyer 1967, Larson and Whitmore 1970), and by a reduction of cell enlargement 
(Slatyer 1967, Kramer 1980).  Plant water deficits affect photosynthesis mainly by 
increasing gaseous diffusion resistance (Loustalot 1945, Musselman and Gatherum 
1969, Boyer 1976, Kramer and Kozlowski 1979, Dougherty and Hinckley 1981). Plants do 
this by the closure of stomata, and by increasing mesophyll resistance (Brix 1962, Beadle 
and Jarvis 1977, Grassi and Magnani 2005).  
     While many studies have examined the effects of flooding stress and drought stress 
on planted seedlings, and some studies have examined seedlings’ recovery from each of 
these stressors, we are aware of no studies that investigated the synergistic effects of 
flood and drought disturbances alternating in different temporal patterns. However, this 
is a common occurrence in many bottomland hardwood forests in the southeastern 
United States. Often, seasonal early spring flooding in BLHW extends into the growing 
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season for several weeks. When the floodwaters recede, extended droughts during the 
growing season are not uncommon. A greenhouse study was established to test how 
the sequence of flooding and drought treatment impacts leaf-level physiology, growth, 
and survival of bur oak (Quercus macrocarpa Michx.), Shumard oak (Quercus shumardii 
Buckl.), and pecan (Carya illinoinensis Wangenh.) seedlings. The null hypothesis was that 
there would be no effect of flooding/drought disturbance sequence or species on 
survival, growth, or leaf-level physiological processes. 
Materials and Methods  
Study Description and Materials 
     The study was performed in a greenhouse at Stephen F. Austin State University in 
Nacogdoches, TX (31.60°N, 94.66°W). Average daily temperature in the greenhouse was 
29.9°C (Figure 1). Relative humidity varied with atmospheric ambient conditions, and 
averaged 68.1%. Seedlings included 1-0 bur oak, Shumard oak, and pecan with an 
unknown provenance acquired from Arborgen nursery in Bluff City, Arkansas. Seedlings 
were planted on March 14, 2015, in top soil purchased from an excavation vendor in 
Nacogdoches, TX. The soil had a sandy clay loam texture (71% sand, 7% silt, 22% clay) 
with a pH of 7.7 (Table 1). Twelve seedlings (four of each species) were planted in plastic 
containers of two similar sizes (65 cm x 47 cm x 34 cm, or 78 cm x 52 cm x 37 cm) with 
holes drilled in the bottom. 
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     A randomized complete block design was used to evaluate each species’ response to 
different disturbance regimes. The design had a 3 (species) x 6 (disturbance regime) 
factorial structure replicated in four blocks, with each experimental unit consisting of 
four observational units (seedlings) planted in each container (288 total seedlings). Each 
block consisted of six containers, with each container randomly assigned to one of six 
different disturbance regimes. Containers in a block were grouped in one location in the 
greenhouse, and containers were not moved during the duration of the study. 
During the first phase of the experiment, within each block the containers were 
randomly assigned to one of two flooding treatments. Half of the containers were 
flooded with water, and water was routinely added to maintain water levels at ten 
centimeters above the soil; the remaining half, representing the control treatment, was 
watered to maintain soil water levels near field capacity. The planted containers that 
were assigned the flooded treatment were themselves inserted into still larger 
containers (78 cm x 52 cm x 37 cm, or 111 cm x 55 cm x 46 cm) with no holes drilled and 
filled with water. This was done to allow disturbance regimes to change for the second 
phase of the study without the need to transplant any seedlings into a new container. 
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Figure 1. Temperature, PAR, and relative humidity during a greenhouse experiment 
conducted on the campus of Stephen F. Austin State University in Nacogdoches, TX 
2015. 
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Table 1. Soil analysis performed after the completion of a greenhouse experiment 
examining the effects of flooding and drought sequence on planted hardwood seedlings. 
The experiment was performed at Stephen F. Austin State University in Nacogdoches, 
TX, from July to October 2015. 
  pH NO3 (ppm) K (ppm) Mg (ppm) S (ppm) Na (ppm) 
Control 7.7 163 1037 325 825 280 
Flooded 7.7 2 476 246 375 105 
       
 
Organic Matter (%) C/N Ratio Nitrogen % Carbon % 
  Control 5.06 9.39 0.27 2.53 
  Flooded 5.66 11.07 0.26 2.83   
 
     For the second phase of the experiment, the flooded and control treatments were 
each randomly assigned into three new treatments. In each block the seedlings in the 
flooded and unflooded treatments were assigned to a flooded treatment, a drought 
treatment, and an untreated control. Initially, there were six total disturbance 
treatments: control-control (CC), control-flooded (CF), control-drought (CD), flooded-
control (FC), flooded-flooded (FF), and flooded-drought (FD). Due to near complete 
mortality of the flooded treatments during the first phase of the experiment, all the 
disturbance regimes that were initially flooded were pooled together into one 
treatment (F) for further analyses. 
     Leaf-level gas-exchange was measured approximately weekly, twelve times during 
the experiment beginning July 14, 2015 and concluding October 13, 2015. Due to high 
mortality towards the end of the experiment, only the first eight measurement dates 
were included in statistical analyses. Seedlings to be examined were randomly selected 
from seedlings with live leaves from each container at each sampling date. Light-
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saturated photosynthetic rate (Asat), stomatal conductance (gs), transpiration (E), and 
internal CO₂ concentration (Ci) per unit leaf area were measured using a Li-Cor 6400 
portable open system infrared gas analyzer with a 2 cm x 3 cm cuvette and a blue-red 
LED light source (Li-Cor 6400, Lincoln, Nebraska). All measurements were made using 
the following chamber conditions: 1,000 µmol m¯²s¯¹ PPFD, 400 µmol mol¯¹ reference 
CO₂ concentration, ambient chamber temperature and humidity, and a flow rate of 500 
µmol s¯¹. Published results have placed the light saturation point as related to gas-
exchange for pecan at 700 µmol m¯²s¯¹ PPFD; 800 µmol m¯²s¯¹ PPFD for cherrybark oak, 
and 700-1,000 for bur oak (Knapp 1992, Danner and Knapp 2001, Gardiner and Krauss 
2001, Lombardini et al. 2009). Following stabilization of the photosynthetic rate 
(approximately one minute), measurements were logged three times at ten second 
intervals, which were later averaged to a single value. Seedling height (cm) and ground-
line diameter (mm) were measured weekly from the initiation of the experiment 
through the end of the experiment. A stem volume index (cm³) was calculated by 
multiplying seedling height by ground-line diameter squared.   
     A large proportion of the seedlings in both the initially flooded and the initially 
unflooded treatments developed characteristics consistent with micronutrient 
deficiencies (Figure 2) which resulted in premature leaf abscission and reduced the 
number of seedlings with live leaves for leaf-level physiology measurements. The early 
leaf abscission resulted in no observational units toward the end of the experiment for 
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Shumard oak seedlings, and for seedlings receiving the flooding treatment in the first 
phase of the experiment. Survival was measured on October 17, 2015 at the conclusion 
of the experiment. 
     A fifth block was designated for biomass sampling. At the experiment initiation, at 
the end of the first phase, and at the end of the second phase, two containers from the 
fifth block were selected. Each seedling was gently removed from the soil in an attempt 
to preserve as much of the root system as possible. Soil was rinsed from the root 
systems, and seedlings were then divided into roots, stem, branches, and leaves. All 
branches were removed from the main stem with pruning shears. The stem was 
removed from the root system with pruning shears immediately below the root collar. 
All tissues were placed in separate bags, weighed, oven dried at a temperature of 65° C 
for 2-3 days, then weighed again.   
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Figure 2. Seedlings from a greenhouse study examining the effects of flood-drought 
sequence on survival, growth, and physiological processes of oak and pecan seedlings. 
Pictures were taken between July 6 and July 17, 2015. Panels A-B show intercostal 
chlorosis consistent with a Fe deficiency. Panels C-D show intercostal chlorosis with 
relatively large bands around the veins remaining green, presenting a “herringbone” 
pattern consistent with a Mn deficiency; panel E shows malformed and dwarfed leaves. 
Panel F shows intercostal mottling. Symptoms presented in panels E-F are consistent 
with a Zn deficiency. 
A B 
C D 
E F 
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Data Analysis 
         A mixed model ANOVA with repeated measures using SAS software version 9.3 
(SAS Institute, Cary, North Carolina, USA) was performed to test for significant effects of 
disturbance regime and species on leaf-level gas-exchange and seedling growth. A 
univariate analysis and a Levene’s test using SAS 9.3 software were used to check the 
assumptions of normality and homogeneity of variance, respectively. Natural log 
transformations were applied to all the growth variables and one of four 
transformations (natural log, squared, square root, and reciprocal) were applied to the 
four gas-exchange variables for 20 of the 32 instances to improve normality and 
homogeneity of variance, although all means reported in this paper are untransformed. 
Logistic regression, using SAS 9.3 software, was used to test for significant effects of 
disturbance regime and species on seedling survival. The fixed effect variables were 
level of disturbance regime and species. The random effect variable was block. There 
were insufficient observations during the last four weeks to include in the statistical 
analyses of leaf-level gas-exchange. Only the data collected through the second week of 
the second phase of the experiment were included in the statistical analyses of the leaf-
level physiology of the seedlings.  
Results 
     Survival was higher for bur oak seedlings (31%) and pecan seedlings (33%) than 
Shumard oak seedlings (8%) (p < 0.10) (Table 2). Within the disturbance regimes, 
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survival was highest for the two disturbance regimes which were not flooded, CC (52%) 
and CD (60%) (p < 0.10) (Table 2). There were not enough seedlings, which were flooded 
during the first phase of the experiment, alive at the end of the experiment to include in 
the analyses of the growth variables. Only the seedlings not flooded during the first 
phase were included in the analyses of growth when comparing growth across the 
disturbance regimes. Diameter growth was greater for the bur oak seedlings (0.59 mm) 
than the pecan seedlings (0.28 mm), and seedlings in the CF regime had greater 
diameter growth (0.71 mm) than seedlings in the CC regime (0.28 mm) (p < 0.10) (Table 
2). Height growth was tallest for seedlings in disturbance regime CF (5.1 cm) (p < 0.10) 
(Table 2). There was no difference in height growth among species (p < 0.10) (Table 2). 
There was no difference in volume growth among disturbance regimes (p < 0.10) (Table 
2). Among species, bur oak seedlings had greater volume index growth (4.05 cm³) than 
pecan seedlings (1.35 cm³) (p < 0.10) (Figure 3). 
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Table 2. Survival and growth that occurred between Julian day 195 and Julian day 289 
for bur oak, Shumard oak, and pecan seedlings grown under six different disturbance 
regimes in a greenhouse experiment in Nacogdoches, TX, 2015. 
  
Diameter Growth 
(mm) 
Height Growth 
(cm) 
Volume Index 
Growth (cm³) Survival (%) 
Bur 0.59a 1.1a 4.05a 31a 
Shumard 0.44ab 1.3a 2.16ab 8b 
Pecan 0.28b 1.6a 1.35b 33a 
     CC 0.28b -0.3b 1.24a 52a 
CF 0.71a 5.5a 5.59a 27b 
CD 0.38ab 1.0b 2.34a 60a 
F       2c 
*Two letter acronyms indicate disturbance regime. Each letter indicates which 
treatment was received for each of two phases of the experiment. CC=control, control; 
CF=control, flooded; CD=control, drought; F=flooded. 
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Figure 3. Volume index of bur oak, Shumard oak, and pecan seedlings over the duration 
of a two-phase greenhouse experiment that occurred July-October 2015 and examined 
the effects of flooding and drought and the synergistic effects as one disturbance is 
followed by another. The vertical line represents the point at which phase one ends and 
phase two begins. The two letter acronyms indicate disturbance regime. Each letter 
indicates which treatment was received for each phase of the experiment. CC=control, 
control; CF=control, flooded; CD=control, drought; F=flooded. 
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     The examination of leaf-level gas-exchange of seedlings revealed significant 
interactions between disturbance regime, species, and date (p < 0.10) (Table 3). Because 
there were a large proportion of seedlings without leaves, especially Shumard oak, 
there were not enough observations for the post-hoc tests to meet the convergence 
criteria, preventing the interpretation of the interactions (Figure 4). Instead, the main 
effects of disturbance regime and species were examined for each date measurements 
were taken. 
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Figure 4. The proportion of experimental units with at least one seedling with live leaves 
over the duration of a two-phase greenhouse experiment that examined the effects of 
flooding and drought and the synergistic effects as one disturbance is followed by 
another. The vertical line represents the point at which phase one ends and phase two 
begins. The two letter acronyms indicate disturbance regime. Each letter indicates 
which treatment was received for each phase of the experiment. CC=control, control; 
CF=control, flooded; CD=control, drought; FC=flooded, control; FF=flooded, flooded; 
FD=flooded, drought. 
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Table 3. P-values of main effects and interactions from analyses of gas-exchange 
measurements of bur oak, Shumard oak, and pecan seedlings grown under different 
disturbance regimes in a greenhouse experiment in Nacogdoches, TX. Data were 
collected July-October 2015. Values that are bolded are significant at the 0.10 alpha 
level. 
  
disturbance 
regime species date 
disturbance 
regime*species 
disturbance 
regime*date species*date 
disturbance 
regime*species*date 
Asat 0.0116 0.0052 0.0858 0.2817 0.2602 0.0949 0.1598 
gs 0.7960 0.0014 0.0018 0.2443 0.0009 0.0010 0.0036 
E 0.6089 <.0001 0.0003 0.2336 0.0194 0.0293 0.1112 
Ci 0.0018 0.1566 <.0001 0.0070 0.9938 0.0790 0.5310 
*Asat=Light saturated photosynthetic rate, gs=stomatal conductance, E=transpiration, 
and Ci=internal CO2 concentration. 
 
Leaf-Level Gas-Exchange (Asat and Ci) 
     Differences in Asat among species were present on three of the eight measurement 
dates. Shumard oak seedlings had lower Asat than bur oak seedlings on day 0 (p < 0.10) 
(Table 4). There were not enough Shumard oak seedlings with leaves present on day 15, 
30, and from that date forward to include in the Asat analysis. Pecan seedlings had higher 
Asat than bur oak seedlings on days 36 and 56 (p < 0.10) (Table 4). Differences in Asat 
among disturbance regimes were seen on seven of the eight dates. On day 0, the CD 
regime had higher Asat than the CC and the F regime (p < 0.10) (Table 4). The CC and F 
regime each rendered an Asat mean 67-70% of the CD regime (Table 4). The CC, CF, and F 
regime were not different from one another on this date.  
     The F regime displayed the lowest Asat on all dates of the first phase after experiment 
initiation. On day 36, the CD regime produced greater Asat than the CC and CF regime. 
On day 56, the first measurement date after phase two had begun, the CC regime 
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showed higher Asat than all other disturbance regimes. Differences in Ci among species 
were seen on three of the eight measurement dates. On days 15, 30, and 36 pecan had 
higher Ci than bur oak (p < 0.10) (Table 4). Differences in Ci among disturbance regimes 
were observed on two of the eight measurement dates.  Seedlings in the F regime 
yielded higher Ci than the other regimes on days 36 and 43 (p < 0.10) (Table 4). 
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Table 4. Light-saturated photosynthetic rate (Asat) and internal CO₂ concentration (Ci) 
rates of species and disturbance regimes taken from a greenhouse study performed 
July-October 2015 in Nacogdoches County, TX. The means of each disturbance regime 
and species are reported. Superscripts indicate significant differences within species and 
within disturbance regime for each measurement date (p < 0.10). 
  Experiment Day                 
Phase 1 0 15 22 30 36 43 Phase 2 56 64 Mean 
Asat (µmol CO2 m
-2
 s
-1
) 
        
Bur 4.23
b
 3.55
a
 4.66
a
 4.19
b
 4.09
b
 4.57
a
 
 
3.01
a
 2.46
a
 3.85 
Shumard 1.91
a
 
 
4.40
a
 
      
3.12 
Pecan 4.03
ab
 2.34
a
 4.69
a
 4.72
b
 5.21
c
 4.92
b
 
 
3.93
b
 2.63
a
 4.06 
           
CC 3.27
a
 4.09
b
 4.78
b
 4.87
b
 4.42
bc
 4.03
ab
 
 
5.57
c
 2.58
a
 4.2 
CF 3.70
ab
 4.01
b
 5.21
b
 4.80
b
 3.70
ab
 4.90
b
 
 
2.76
ab
 1.85
a
 3.87 
CD 4.88
b
 4.02
b
 4.91
b
 3.86
ab
 5.61
c
 5.50
b
 
 
3.73
b
 3.41
a
 4.49 
F 3.4
a
 1.83
a
 3.29
a
 3.04
a
 3.35
a
 2.82
a
 
 
1.42
a
 1.74
a
 2.61 
           Ci (µmol CO2 mol air
1
) 
        Bur 251
a
 265
a
 284
a
 342
a
 324
a
 334a 
 
341
a
 350
a
 311 
Shumard 276
a
 
 
313
a
 
      
337 
Pecan 292
a
 335
b
 315
a
 351
b
 346
b
 347
ab
 
 
329
a
 363
a
 335 
           
CC 243
a
 280
a
 278
a
 342
a
 329
a
 334
a
 
 
332
a
 348
a
 311 
CF 257
a
 292
a
 305
a
 348
a
 347
ab
 338
a
 
 
337
ab
 368
a
 324 
CD 258
a
 274
a
 307
a
 345
a
 326
a
 342
a
 
 
323
a
 341
a
 314 
F 278
a
 300
a
 312
a
 358
a
 356
b
 361
b
 
 
360
b
 369
a
 337 
                      
aNo value indicates too few observations for that treatment, on that date, to be 
included in the statistical analysis.  
bTwo letter acronyms indicate disturbance regime. Each letter indicates which 
treatment was received for each of two phases of the experiment. CC=control, control; 
CF=control, flooded; CD=control, drought; F=flooded. 
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Leaf-Level Gas-Exchange (E and gs) 
     Differences in E and gs among species were observed on six of the eight 
measurement dates. Pecan had higher E and gs than bur oak on all six dates (p < 0.10) 
(Table 5). Differences in E and gs among disturbance regimes were seen on three of the 
eight measurement dates. On day 0, the CD regime had higher gs and E than the CC 
regime. On day 15, E and gs of flooded seedlings was lower than the unflooded 
seedlings. After day 15, there were no differences in E among disturbance regimes until 
day 56, when the CC treatment had higher E and gs than the CF regime (p < 0.10) (Table 
5).  
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Table 5. Stomatal conductance (gs) and transpiration (E) of species and disturbance 
regimes from a greenhouse study performed July-October 2015 in Nacogdoches County, 
TX. The means of each disturbance regime and species are reported. Superscripts 
indicate significant differences within species and within disturbance regime for each 
measurement date (p < 0.10). 
  Experiment Day                 
Phase 1 0 15 22 30 36 43 Phase 2 56 64 Mean 
gs (mol H2O m
-2
 s
-1
) 
        Bur 0.06
a
 0.05
a
 0.11
a
 0.16
a
 0.12
a
 0.15
a
 
 
0.10
a
 0.09
a
 0.11 
Shumard 0.04
a
 
 
0.11
a
 
      
0.12 
Pecan 0.09
b
 0.09
b
 0.15
a
 0.29
b
 0.26
b
 0.22
b
 
 
0.14
a
 0.18
b
 0.18 
           CC 0.04
a
 0.07
b
 0.13
a
 0.19
a
 0.14
a
 0.14
a
 
 
0.20
b
 0.10
a
 0.13 
CF 0.06
ab
 0.11
b
 0.13
a
 0.22
a
 0.17
a
 0.19
a
 
 
0.08
a
 0.13
a
 0.14 
CD 0.11
b
 0.07
b
 0.13
a
 0.28
a
 0.21
a
 0.21
a
 
 
0.10
ab
 0.13
a
 0.15 
F 0.06
ab
 0.05
a
 0.10
a
 0.17
a
 0.22
a
 0.17
a
 
   
0.13 
           E (mol H2O m
-2
 s
-1
) 
        Bur 1.02
a
 1.06
a
 1.28
a
 1.90
a
 1.96
a
 1.73
a
 
 
1.88
a
 1.07
a
 1.49 
Shumard 0.74
a
 
 
1.54
a
 
      
1.69 
Pecan 1.64
b
 1.63
b
 1.82
a
 2.58
b
 3.31
b
 2.40
b
 
 
2.33
a
 1.97
b
 2.21 
           CC 0.77
a
 1.42
b
 1.64
a
 2.27
a
 2.32
a
 1.62
a
 
 
3.16
b
 1.22
a
 1.80 
CF 1.13
ab
 1.86
b
 1.66
a
 2.28
a
 2.38
a
 2.02
a
 
 
1.64
a
 1.28
a
 1.78 
CD 1.78
b
 1.41
b
 1.46
a
 2.23
a
 2.81
a
 2.27
a
 
 
1.94
ab
 1.55
a
 1.93 
F 1.00
ab
 0.94
a
 1.19
a
 1.91
a
 2.81
a
 2.02
a
 
 
1.85
a
 1.40
a
 1.64 
                      
aNo value indicates too few observations for that treatment, on that date, to be 
included in the statistical analysis. 
bTwo letter acronyms indicate disturbance regime. Each letter indicates which 
treatment was received for each of two phases of the experiment. CC=control, control; 
CF=control, flooded; CD=control, drought; F=flooded. 
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Table 6. Light-saturated photosynthetic rate (Asat), internal CO2 concentration (Ci), 
stomatal conductance (gs), and transpiration (E) means of each species and disturbance 
regime of each of two phases of a greenhouse experiment performed July-October 2015 
in Nacogdoches County, TX. 
Mean 
Asat                                          
(µmol CO2 m-2 s-1) 
Ci                                             
(µmol CO2 mol air
1) 
gs                                        
(mol H2O m
-2 s-1) 
E                                     
(mol H2O m
-2 s-1) 
Phase 1 
    
     Bur 4.22 300 0.108 1.49 
Shumard 3.12 295 0.075 1.14 
Pecan 4.32 331 0.183 2.23 
     CC 4.24 301 0.118 1.67 
CF 4.39 315 0.146 1.89 
CD 4.8 309 0.167 1.99 
F 2.96 328 0.127 1.65 
     Phase 2 
    
     Bur 2.74 346 0.095 1.48 
Shumard 
    Pecan 3.28 346 0.158 2.15 
     CC 4.08 340 0.149 2.19 
CF 2.31 353 0.104 1.46 
CD 3.57 332 0.116 1.75 
aNo value indicates too few observations for that treatment, on that date, to be 
included in the statistical analysis.  
bTwo letter acronyms indicate disturbance regime. Each letter indicates which 
treatment was received for each of two phases of the experiment. CC=control, control; 
CF=control, flooded; CD=control, drought; F=flooded. 
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Table 7. Mean oven-dry weights from biomass partitioning of bur oak, Shumard oak, and 
pecan seedlings subjected to flood and drought disturbance regimes in a greenhouse 
experiment performed at Stephen F. Austin state university in Nacogdoches, TX from 
July to October 2015. 
Day Species N 
Leaves 
(g) 
Branches 
(g) Stem (g)  Roots (g) 
Total Weight 
(g) 
0 Bur 8 2.83 0.25 5.85 13.44 22.37 
0 Shumard 6 0.78 0.51 4.72 9.42 15.43 
0 Pecan 8 0.11 0.02 1.33 5.55 7.01 
46 Bur 8 1.58 0.17 5.17 13.17 20.09 
46 Shumard 1 0.00 0.00 2.98 5.53 8.51 
46 Pecan 5 0.03 0.13 1.39 7.55 9.10 
96 Bur 1 0.11 0.48 6.80 7.78 15.17 
 
Discussion 
     The flooding of seedlings with standing water appeared to create low root-zone 
oxygen conditions that were induced for too long. Mortality was higher in the treatment 
that was initially flooded, but a large proportion of the seedlings in both the initially 
flooded and the initially unflooded treatments developed characteristics consistent with 
a micronutrient deficiency which resulted in premature leaf abscission (Figure 2). The 
seedlings were planted in March 2015. Shortly before the measurements began in July, 
seedlings began to develop characteristics consistent with three micronutrient 
deficiencies (iron, manganese, and zinc) which became progressively worse as the 
experiment proceeded. The Shumard oak seedlings showed symptoms first, followed by 
the pecan seedlings, and then the bur oak seedlings (Figure 4). Shumard oak leaves 
became chlorotic with an intercostal mottling consistent with a zinc deficiency. A 
portion of the Shumard oak and pecan seedlings developed dwarfed and malformed 
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leaves. A portion of the bur oak leaves developed symptoms of an iron deficiency where 
the intercostal areas of the leaf became chlorotic, while the main veins remained green. 
Another portion of the bur oak leaves developed symptoms consistent with a 
manganese deficiency. Intercostal chlorosis occurred with relatively large bands around 
the major veins remaining green, presenting a “herringbone” pattern. As the 
experiment progressed, a portion of the bur oak seedlings (especially in the flooded 
treatments) developed malformed and dwarfed leaves.  
     While some reports of Shumard oak becoming established and doing well on soils in 
the field with a pH level as high as 8.0 exist (Kennedy and Krinard 1985), Shumard oak 
seedlings had the poorest performance of the species included in this study, in all 
disturbance regimes. Shumard oak seedlings dropped their leaves first, and dropped 
leaves on more seedlings than either bur oak or pecan seedlings. The hypoxic 
environment created by the soil flooding may have compounded the alleged 
micronutrient deficiencies, as was reported by Zuo et al. (2007). 
     Growth was minimal for all species and disturbance regimes. While survival was 
higher in the unflooded treatments (Table 2), most seedlings in the unflooded 
treatments dropped their leaves. Growth of the seedlings may have been adversely 
affected by a reduction in photosynthates. These results are consistent with those 
reported by Kennedy (1984). In Kennedy’s study, Nutall oak (Quercus texana Buckl.), 
water oak (Quercus nigra L.), cherrybark oak (Quercus pagoda Raf.), and six other non-
 92 
 
oak species including pecan were planted on soils with a pH level of 8.0. After four 
growing seasons, survival of oaks was low (10-40%), and height and diameter growth 
were small, leading the researchers to remove the oaks from the study. Pecans 
remained in the study with higher survival than the oaks, but pecan diameter and height 
growth was least of the species remaining.  
     Iron is one of the most abundant elements found in nearly all soils (Gotoh and 
Patrick, Jr. 1974). Most soils contain large amounts of iron, and so, iron deficiencies are 
not typically caused by a shortage of iron in the soil (Lucena 2000). Iron is utilized in 
ferredoxin and in the cytochromes which are essential components of the electron 
transport systems in both photosynthesis and respiration (Kramer and Kozlowski 1979). 
Plants have developed efficient processes for extracting iron from the soil, but some 
factors (e.g. high soil pH) can adversely affect these processes (Lucena 2000). An iron 
deficiency reduces photosynthesis in plants by causing chlorosis of leaves due to 
reduced chlorophyll synthesis, and by its effect on enzymatic activity (Kramer and 
Kozlowski 1979, Chen and Barak 1982). Iron is needed within plant cells; however, Fe 
(III) must be reduced to Fe (II) in order to be transported across the plasma membrane 
(Lucena 2000, Morrissey and Guerinot 2009). 
     Lucena (2000) reported that as soil pH increased by one unit, the Fe (III) solubility 
decreased 1,000 times. Gotoh and Patrick, Jr. (1974) reported that at a soil pH level of 
8.0, water soluble iron made up only 4% of the soil solution, and 76% at a soil pH level of 
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5.0. Zuo et al. (2007) presented results showing that an increase in soil water content 
increased the severity of iron chlorosis as a result of increased formation of Ca(HCO3). 
All dicots respond to iron deficiencies similarly. An iron deficiency leads dicots to 
increase the activity of a plasma membrane-bound reductase, which increases the 
reduction rates of Fe (III). However, elevated HCO3 concentrations in the rhizosphere 
reduce the amount of iron chelates to the reductase, greatly reducing the efficiency of 
the iron deficiency response (Marschner et al. 1986). Seedlings are at an even greater 
disadvantage because of their relatively small root systems, which occupy a small area 
with more homogeneous soil characteristics (Tagliavini and Rombola 2001). 
     Manganese is involved in the activation of several enzymes required for 
photosynthesis, and is essential to the enzyme involved in the water-splitting system in 
photosystem II (Husted et al. 2010, Millaleo et al. 2010). Manganese deficiency is 
common in alkaline soils (Marschner and Marschner2012). High soil pH often results in 
conversion of Mn (II), the most plant available form, to unavailable forms such as Mn 
(III) and Mn (IV) (Rengel 2000). Leaf symptoms of manganese deficiency include 
intercostal chlorosis with relatively wide green bands around the main veins (Johnson 
and Uriu 1989). Zinc is a component of nearly 60 plant enzymes, including enzymes that 
produce growth hormones (Johnson and Uriu 1989). Zinc deficiency is common in plants 
grown in alkaline soils (Marschner and Marschner 2012). Characteristic zinc deficiency 
symptoms include shortening of the internodes and a substantial reduction in leaf size 
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(Kozlowski 1971, Marschner and Marschner 2012). These symptoms may be 
accompanied by chlorosis and intercostal mottling (Kozlowski 1971). Similar to iron, zinc 
uptake is reduced by high concentrations of HCO3 (Forno et al. 1975). 
     Drawing conclusions about the effects of the disturbance regimes on leaf-level gas-
exchange from the results of this experiment is difficult because of the small number of 
seedlings with live leaves, especially during the second phase of the experiment. Once 
all the initially flooded treatments were pooled together, there were few differences 
among the disturbance regimes, and the differences observed were not consistent. Both 
gs and E were higher for pecan seedlings than bur oak seedlings on most of the dates 
measured (Table 4), suggesting a lower drought tolerance for pecan than bur oak. These 
results are consistent with reports by Balok and St. Hilaire (2002) and Sparks (2005). The 
high temperatures in the greenhouse may have had adverse effects on Asat of all the 
seedlings. Wareing et al. (1968) stated that photosynthetic processes may be heat 
inactivated at high temperatures. Indeed, while examining the potential for oak 
seedlings, in gallery forests, to expand into undisturbed tall-grass prairie, Danner and 
Knapp (2001) noted that photosynthesis was reduced (40-65%) at air temperatures 
greater than 30°C. The high temperatures that occurred in our study may have also led 
to photorespiration occurring in all combinations of treatments. In C3 plants, if 
photosynthesis is functioning efficiently, the Ci to ambient CO2 ratio is typically between 
0.6-0.7 (Bunce 2005). In our study, this would translate to 240-280 µmol CO2 mol air
-1, 
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however, mean values of Ci for all species and disturbance regimes ranged from 295-353 
µmol CO2 mol air
-1 (Table 6). The increased Ci levels may have been a result of 
Rubisco fixing O2 relative to CO2 at increasing frequencies, thus, allowing the Ci 
concentration to build up in the leaf. If that was the case, the reduction in carbon 
fixation may have also contributed to the low growth and survival of the seedlings. 
Effects of the drought treatment on leaf-level gas-exchange could not be interpreted 
from the data. There were too few seedlings with live leaves for too short a time period 
for the results to be meaningful.
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